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1. Het gebruik van geuren zal de aantrekkingskracht van vallen voor huisvliegen
vergroten en daarmee de bestrijding van huisvliegenplagen sterk verbeteren.
2. Door het geringe geslachtsdimorfisme van de reukorganen en het geringe
verschil in geurgevoeligheid tussen mannetjes en vrouwtjes huisvliegen, is het
aannemelijk dat beiden door dezelfde geuren worden aangetrokken of afgestoten.
3. Een vlieg gebruikt zijn antennen om zich olfactorisch te oriënteren en zijn
palpen alleen voor het beoordelen van het voedsel waar hij al heen gevlogen is.
4. In tegenstelling tot de verwachting dat de aanwezigheid van een
achtergrondgeur het detectievermogen van huisvliegen voor nieuwe
(aantrekkelijke of afstotende) geurprikkels vermindert, kan deze het
detectievermogen zelfs verhogen.
5. Een gepulseerde afgifte van geuren wordt beter waargenomen door vliegen en
is effectiever om vliegen te lokken dan een constante geurafgifte.
6. Je vangt meer vliegen met stroop èn azijn.
7. Universiteiten dienen te beschikken over een statistische dienst, gekwalificeerd
in modern, geavanceerd onderzoek en consulteerbaar door iedere onderzoeker.
8. Het zou beter zijn, zowel in het kader van kostenbesparing (aanlegkosten,
brandstof verbruik en bulktransportsnelheid) als van milieuvervuiling (minder
CO2-uitstoot en landschappelijke aantasting) om het vrachtvervoer in Nederland
meer door de binnenvaart dan door vervoer over weg of spoor (Betuwelijn) te
laten verlopen.
9. Asielzoekers moeten niet op kosten van de samenleving werkeloos gehouden
worden, maar ze dienen werk te kunnen verrichten. Dat betekent
maatschappelijke winst.
10. Gezien het feit dat vrouwen hun beroep bij voorkeur in de mannelijke vorm
vermelden (psycholoog, directeur, kunstenaar etc.) ligt het voor de hand om
voortaan feminisme hominisme te noemen.11. Om het risico van Legionella besmettingen volledig uit te sluiten zou men
over moeten gaan op het houden van Flora’s met enkel droogbloemen.
12. Het toonbereik van de fagot in de huidige muziekliteratuur is beduidend
uitgebreid door Strawinsky.
13. Mensen die menen dat alleen met het spelen of beluisteren van symfonische
muziek een mooie tijd verstrijkt, stellen zich onvoldoende open om de
verademing van blaasmuziek te beleven.
14. Gezien de vele dwarsliggers is de NS het spoor bijster wat betreft service en
prestatie.
15. Eigen kinderen verhogen zowel de levensvreugde als de werkdruk.RIJKSUNIVERSITEIT GRONINGEN
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Chapter 1
General introduction
BIOLOGY OF THE HOUSEFLY
The housefly, Musca domestica L. (Diptera: Muscidae), is probably the most widely
distributed domestic insect species to be found. The animal has followed man over the
entire globe. Several fly species are found inside domestic settlements: Fannia
canicularis, the lesser housefly; Stomoxys calcitrans, the stable fly; Calliphora vicina, the
blowfly or bluebottle; but Musca domestica is the fly most commonly associated with
man. The housefly was first scientifically described by Linnaeus in his Systema naturae
(1758). His description is as follows:
Musca. Os Probosce carnosa: labiis 2 lateralibus: Palpi nulli.
domestica. M. antennis plumatis pilosa nigra, thorace lineis 5 obsoletis, abdomine
nitidulo tessalato: minor. Habitat in Europae domibus, etiam Americae. Larvae in
fimo equino. Pupae parallele cubantes.
This may be translated as: The Fly. The mouth with a fleshy trunk; with two lips at the
sides; no palps. M. domestica. A fly with plumed antennae and covered with black hair,
the chest with five untidy lines, the abdomen is neatly tiled; small. It lives in the houses
in Europe and also in America. The larvae live in horse dung. The pupae are lying next
to each other.
This description is not totally accurate, but it is the first attempt of a systematically
scientific description to distinguish Musca domestica from other species.Chapter 1
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Morphology
A detailed morphological and functional study of the housefly was done by Hewitt (1910).
Adult houseflies measure 4 - 8 mm in length, depending on the conditions at which the
larvae grow up. The adult body, as in all insects, consists of three main units, the head,
the thorax and the abdomen.
The head houses the main neuronal centre and it bears several sensory organs: Two
large compound eyes on the lateral sides of the head provide the animal visual information
about the environment. In addition, three light-sensitive ocelli are present on top of the
head, between the eyes. The space between the compound eyes (vertex) is larger in
females than in males. In a cephalic depression (antennal fossa) frontal between the eyes,
houseflies bear two antennae, the morphology of which will be described in Chapter 2.
The main function of these appendages is olfactory, but also mechano- and possibly
thermo- and hygroreceptors are present on the antennae. The mouthparts are configured
to form a suctorial proboscis, located ventrally on the head. The proximal part of the
proboscis (the rostrum) bears two palps with an olfactory and mechanosensory function
(see Chapter 2). At the end of the distal part of the proboscis (the haustellum) two
medially connected oral lobes form the labellum, which has several rows of gustatory
hairs on the rims. Taste hairs are also present on the tarsi of the legs, the ovipositor and
the upper rim of the wings. The labellum is used to suck nutritional juices. Houseflies can
only feed on liquid feed. Dry substances can be ingested by first dissolving them in
exurgated saliva.
The thorax is grey with four dark longitudinal stripes on the dorsal side. The
membranous wings and the three pairs of legs are attached to the thorax. In all members
of the order of Diptera, the hindwings are transformed to balancing organs, the halteres,
and houseflies, thus, have only two wings (δι = two; πτερον = wing). The fourth
longitudinal vein of the wing has a sharp upward bend, discerning houseflies from other
Muscidae.
The abdomen is yellowish, with especially in males a dark posterior end, and
contains the largest part of the digestive organs and the reproductive organs.
Life cycle
Females lay their eggs in dark crevices of any suitable substance in batches of 100-150
eggs. A female may lay 5-6 batches of eggs during her life.
The white, 1 mm long eggs hatch in 8-24 h and the first and second larval stages
each last about one day. The third instar larva grows to a creamy white, 8-11 mm long
maggot that tapers from anterior to a truncated posterior end, where two obvious black
spiracles are located, through which the tracheal system is connected with the exterior air.General introduction
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After three days, the larva contracts, and the larval skin hardens in about six hours to a
dark brown cylindrical pupal case. About five days after pupation, a fly emerges. The fly
pushes off the anterior end of the pupal case by inflating a frontal sac (ptilinum), which
extrudes above the base of the antennae, and it crawls out of the pupa. The split of the
pupal case is circular, as in all members of the suborder of Cyclorrapha (κυκλος = round;
ραϕη = seam). In about 15 min the fly unfolds its wings, while the chitinous exoskeleton
is hardening and the insect is ready to join adult life. After 2-3 days flies become sexually
mature and four days after copulation, females deposit their first batch of eggs. The entire
life cycle from egg to adult laying eggs, thus, can take about 16 days under optimal
conditions, and many generations may develop during the warm season. Under less
favourable conditions, development can be delayed to about six weeks, and flies of
subnormal size can emerge.
Feeding habits
Housefly larvae feed on the substrate the eggs are laid on. This is preferably a kind of
manure, but also textile fabrics fouled with excremental products, decaying vegetables and
rotting fruits are suitable substrates. Housefly larvae can be reared in boiled egg and in
bread soaked in milk and they can survive for a few days in cheese. In less nutritional and
dryer substrates the development lasts longer. We reared housefly larvae in an aqueous
jelly of agar, yeast and skim milk powder. Best rearing temperatures are 25 - 35° C; under
cooler conditions development is slower.
Mature houseflies need to drink a lot. When kept from water for several hours in
a dry environment, houseflies die from dehydration. But houseflies are very well able to
find any liquid present. From the first day of life houseflies search for food, sugar or
protein, to provide energy. After a few days, when their ovaries start to develop, female
houseflies are not longer satisfied with only sugar containing foods, and they search for
protein food, even when their alimentary system is full of sugar containing liquid
(Pospisil, 1958).
HOUSEFLY CONTROL
Musca domestica as a pest
Houseflies constitute a major problem in a variety of industries, such as poultry, pig and
dairy farms (Hansens, 1963; Axtell and Arends, 1990), food processing industries and
food establishments (Ostrolenk and Welch, 1942). Houseflies feed on almost anything
with nutritional value. Having such a broad preference they may visit many different food
sources, and come into contact with microbe-rich substrates, such as manure or decaying
corpses as well as human or livestock food. In doing so, they may transmit pathogens andChapter 1
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may be vectors of several diseases. Washes from the surface of houseflies yielded total
bacterial counts from 2,500,000 to 29,500,000 per fly and in the digestive system of
houseflies the presence of 84,000 to 2,000,000 internal bacteria per fly was demonstrated
(Ostrolenk and Welch, 1942). Houseflies may be contaminated with several different
species of pathogenic bacteria (Sukontason et al., 2000) and are correlated with diseases,
such as gastroenteritis, ulcers, nosocomial infections, dysentery, cholera and tuberculosis
(Grübel et al., 1997; Sulaiman et al., 2000; Olsen and Hammack, 2000, Fotedar, 2001).
Also the potential of houseflies for transmitting viruses was demonstrated (Tan
et al., 1997).
In addition to transmitting diseases, houseflies cause annoyance to man and
animals. High population densities of houseflies in poultry farms can cause nuisance to
such an extent that chickens reduce their egg production. Furthermore, the faeces of
houseflies decrease the aesthetic appearance and value of eggs (Howard and Wall, 1996b).
Economical losses caused by Musca domestica in poultry houses were reported to exceed
60 million US dollars per year in the United States (USDA Report, 1976). Finally, the
swarming of large numbers of houseflies, emerged from livestock farms, to neighbouring
domestic settlements may result in considerable social and legal problems for farmers
(Howard and Wall, 1996b). Therefore, several methods for housefly control are developed
and used.
Insecticides
The primary method to fight housefly populations was the use of insecticides. Early
pesticides applied were general poisons, such as arsenic and sulphur. The success of the
control of houseflies using these poisons was only limited. In the mid-20th century,
synthetic organic insecticides were developed. Most of these "second generation
pesticides" had a neurotoxic mode of action. Organophosphates, carbamates and
chlorinated hydrocarbons, such as DDT (dichlorodiphenyltrichloroethylene), were
developed that were highly effective against Musca domestica and other species of
insects. However, they were not only toxic to the pests they were intended for, but also
to non-target, beneficial animals (Theiling and Croft, 1988). Moreover, due to the long
persistence of the insecticides in the environment, they accumulated in the tissues of
animals higher in the food chain, including humans (Pimental and Perkins, 1980).
Nowadays the most widely used pesticides are pyrethroids. These pyrethroids are less
toxic to mammals, but still cause a toxic load on the environment (Elliot et al., 1978).
A higher specificity was aimed with the development of insect growth regulators.
These "third generation pesticides" can be divided into three groups, based on the mode
of action: juvenile hormones, chitin synthesis inhibitors and cyromazine (Graf, 1993).General introduction
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Juvenile hormone analogues suppress metamorphosis, increasing larval mortality. Chitin
is the main component of the insect exoskeleton and its synthesis is inhibited by
benzoylphenoylureas (BPUs) that disrupt moulting and pupation. Cyromazine also
interferes with moulting, by disrupting the sclerotisation process. Furthermore, while
BPUs act against a wide range of insects, cyromazine shows a high specificity for dipteran
larvae. But because these insect growth regulators do not kill the insects at the stage at
which they induce damage, a more sophisticated approach in dosage and timing of the
insecticide is needed to sort effect.
A serious problem for control of Musca domestica is the development of resistance
to pesticides which are used repeatedly (Chapman, 1985). Even resistance to their own
juvenile hormones, applied as insecticides occurs (Pospischil et al., 1996). Furthermore,
by gaining resistance to several insecticides, cross-resistance of houseflies to new
insecticides was found (Oppenoorth and Van der Pas, 1977).
Biological control
An alternative and selective approach to control housefly pests is the deployment of
natural enemies. In biological control, houseflies can be attacked by several different
species of pathogens, parasites or predators of houseflies. Firstly, Bacillus thuringiensis,
a gram-positive, spore forming bacterium has been successfully used against larvae of
houseflies (Johnson et al., 1998). The larvicidal activity of B. thuringiensis is attributed
to d-endotoxins, produced during sporulation (Zhong et al., 2000).
For management of housefly populations also epizootic fungi can be used. The
introduction of flies or fly cadavers infected with Entomophthora muscae or
Entomophthora schizophorae reduced housefly populations in diaries and poultry houses
(Six and Mullens, 1996; Watson et al., 1996) and also Beauvaria bassiana induced high
mortality of adult houseflies when calf hutches were sprayed with conidia of this fungus
(Watson et al., 1996). However, the success of using entomopathogenic fungi for
biological control is low, when average weekly temperatures are higher than 17-20° C
(Six and Mullens, 1996).
The use of the entomopathogenic nematodes Steinernema feltiae and
Heterorhabditis megidis in high numbers was shown to be effective against housefly
larvae (Renn, 1995) and after formulation into a housefly bait, as effective as the spraying
of a carbamate pesticide in pig units (Renn, 1998). Also the nematode Paraiotonchium
muscadomesticae could infect housefly larvae, but mortality was low except at high
nematode concentrations (Geden, 1997). P. muscadomesticae nematodes typically infect
housefly larvae and descendants of the nematodes invade and damage the ovaries of adult
female flies and are deposited in the larval habitat when the flies attempt to oviposit.Chapter 1
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Infected adults lived about half as long as uninfected flies. Nematodes were effective in
the laboratory but persisted in manure only for 3-7 days.
Larvae of the flies Hydrotaea aenescens (Ophyra aenescens) and Ophyra capensis
are effective predators on housefly larvae (Betke et al., 1989). One second instar predator
larva can kill up to 17 preys (Tsankova and Luvchiev, 1993). Unfortunately, the predator
flies can become a pest themselves (Axtell and Arends, 1990). In wet manure Hydrotaea
aenescens populations fail to establish (Hogsette and Jacobs, 1999).
The parasitoid wasps Spalangia cameroni,  Spalangia nigroaenea and
Muscidifurax raptor have been mass-released for biological control of houseflies (King,
1997; Greene et al., 1998). They parasitize on the pupae of houseflies by feeding on them
and laying offspring on them. Physical factors (mainly temperature) and biological factors
(interspecific competition) determine the success of mass release programs.
The best way to suppress housefly populations by biological control in farming is
by alternately cleaning out half of the manure while leaving the other half undisturbed.
In this way the populations of natural enemies of houseflies (e.g. mites: Macrocheles
muscadomesticae; predatory Coleoptera and others discussed above) stay present
(Mullens et al., 1996). However the advantage of fly control is probably overshadowed
by increased time and effort involved.
Sterilization
The mass release of irradiated sterile male insects into a wild population has been
successfully employed to eradicate the New World screwworm fly Cochliomyia
hominivorax from Libya, before it could become a major disaster for the livestock
industry and wild life in Africa and southern Europe (Lindquist et al., 1992). However,
in the case of houseflies, the release of huge numbers of the pest, although sterile, would
exacerbate the nuisance problem.
Howard and Wall (1996a; 1996b) introduced a method of autosterilization. By
integrating a sterilizing pesticide (a chitin synthesis inhibitor) in a sugar bait, houseflies
may pick up effective sterilizing doses of the pesticide and selectively pass it on to non-
contaminated conspecifics by contact during mating attempts. In this way, only target
animals, lured by the bait, are killed. However, development of resistance still can occur.General introduction
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Baits and traps
Many baits containing sugar or other substances houseflies feed on, together with some
insecticide have been used over the years with variable success. Insecticide baits should
not be used continuously to prevent behavioural avoidance against the bait and resistance
to the insecticide (Learmount et al., 1996).
A technical method to control houseflies is catching them away with traps. The
simplest traps are sticky surfaces onto which flies get caught (Williams, 1973). In other
traps, flies enter through funnel-like holes into the trap and cannot find the way out
(Pickens et al., 1994b). Some traps eliminate flies by sucking them into a collection bag
(Tajuddin et al., 1993). After some operation time one has to dispose of the flies caught
by these traps. Most currently used traps disintegrate insects with a high-voltage
electrocutor grid. A disadvantage, especially in a hygienic environment, is that during
electrocution, bacteria and viruses from contaminated flies are released into the air around
the electrocutor trap (Urban and Broce, 2000).
To lure houseflies towards baits and traps, visual and olfactory cues may be used.
An attractive source is UV light (Syms and Goodman, 1987; Roberts et al., 1992), which
is used in most electrocutor traps. About 13-18% of a fly population could be caught
within 2 hours in a test chamber (Veal et al., 1995). Many other traps are based only on
olfactory cues. Efficacy of attraction can be enhanced by combining visual and olfactory
cues (Chapman et al., 1999).
Attractive odours
Many studies have focussed on the attractiveness of different natural products to
houseflies. Behavioural studies, using two-choice olfactometers or counts of caught flies,
showed attraction of houseflies towards manures (Wiesmann, 1960; Larsen et al., 1966;
Frishman and Matthysse, 1966; Cossé and Baker, 1996), meat (Mulla et al., 1977; Pickens
et al., 1994a) and other products, e.g. fish, blood, bread, milk, cheese, honey, etc.
(Morrill, 1914; Richardson, 1917; Wiesmann, 1960; Brown et al., 1961; Frishman and
Matthysse, 1966; Mulla et al., 1977; Künast and Günzrodt, 1981). The use of these
natural products as baits in traps is inconvenient and not economical due to the high
frequency of bait-replacement and trap maintenance (Ashworth and Wall, 1994). Hence,
it would be more convenient to use an attractive chemical product as a bait in traps.
One substance has drawn much attention: the sex pheromone muscalure, a
component of the cuticular wax of female flies, is said to attract male houseflies when
they are in close vicinity of a female (Carlson et al., 1971; Rogoff et al., 1973). When
applied as attractive factor in traps in the field, catches of both males and females were
enhanced (Carlson and Beroza, 1973). However, muscalure showed considerably lessChapter 1
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potency than various sex attractants reported for other insects (Mansingh et al., 1972) and
various combinations with other cuticular wax components were tried to enhance
attractivity (Carlson and Beroza, 1973; Rogoff et al., 1980; Chapman et al., 1998).
In several studies, odours of single synthetic chemicals were tested for their
attractive potency (Richardson and Richardson, 1922; Wieting and Hoskins, 1939; Dethier
et al., 1952; Acree et al., 1959; Wiesmann, 1960; Frishman and Matthysse, 1966; Mulla
et al., 1977; Warnes and Finlayson, 1986). Several substances were identified to be
attractive or repellent to houseflies, but mixtures of chemicals were shown to be more
attractive than single chemicals (Brown et al., 1961; Mulla et al., 1977) and natural
products are most effective. Hence, improvement of chemical formulations to compose
synthetic mixtures that are as attractive as natural products and that can be used as
effective baits is promising.
MECHANISM OF OLFACTORY CHEMORECEPTION
Olfactory sensillum morphology
The olfactory system of houseflies resembles that of most other insects. Houseflies detect
odours with olfactory receptor cells that innervate sensilla located on the antennae and
palps. Olfactory sensilla may have many different forms, but they all have in common that
there are many openings in the sensillum walls (either pores or elongated slits) through
which odour molecules can reach the dendrite. Two basic types of sensilla are present:
single-walled and double-walled sensilla (Steinbrecht, 1999). In single-walled sensilla,
outer pores penetrate the cuticular wall and lead into several pore tubules that reach into
the sensillum lymph-filled inner cavity (Fig. 1a). In double walled sensilla, the sensillum
hair wall is made up by a palisade of hollow cuticular "fingers", which leave slits open
between them or are partly fused (Fig. 1b).
Each olfactory sensillum contains one or more (most commonly 2 or 3) receptor
cells and three auxiliary cells, the thecogen, trichogen and tormogen cell. Each auxiliary
cell has a specific task during ontogeny; e.g. the tormogen cell forms the sensillum hair
socket, the trichogen cell the sensillum hair shaft and the thecogen cell the dendritic
sheath (Keil, 1997). The receptor cells are bipolar primary receptor neurones, which send
a sensory dendrite into the sensillum hair and an axon to the brain. The receptor cell
somata are ensheathed by the thecogen cell; the dendrites are surrounded by an
extracellular fluid, the sensillum lymph, excreted by the trichogen and tormogen cells
(Fig. 1).General introduction
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Figure 1. Schematic representation of insect olfactory sensilla. Several bipolar receptor cells (R,
R’) send a dendrite into the sensillum hair and an axon to the brain. Three auxiliary cells, the
thecogen (Th), trichochen (Tr) and tormogen (To) cell surround the receptor cells and border
the sensillum-lymph cavity. A complete longitudinal and cross section of a single-walled
sensillum (a) is shown. In a double-walled sensillum (b), the cuticle (C) forms the outer wall
(oW), and the dendritic sheath (Ds) forms the inner wall (iW) of the hollow, finger-like
processions. E = undifferentiated epidermal cell (from Steinbrecht, 1999).
Odour reception
The fraction of the surface of a sensillum hair covered by pores is small. The probability
that odorant molecules strike the pores directly is, however, large because of the large
diffusional motion in the air. Each molecule hits the surface many hundred times before
being carried away in the airflow (Futrelle, 1984). Alternatively, hydrophobic odorants
adsorb on the cuticular surface of the sensillum hair, and diffuse towards the pores and
into the interior of the sensillum (Kanaujia and Kaissling, 1985).
In the sensillum lymph high concentrations of odorant binding proteins (OBPs) are
present. These OBPs are produced by the auxiliary cells. Odorants diffuse through the
pores and through the pore tubules that provide a large surface, facilitating the binding of
odorants to OBPs in the sensillum lymph (Steinbrecht, 1997). Different kinds of OBPsChapter 1
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with specific binding properties exist. The first OBP identified was a pheromone binding
protein (PBP) from the moth Antheraea polyphemus (Vogt and Riddiford, 1981). Other
OBPs were identified in sensilla that responded to a wide spectrum of volatiles, and these
were named general odorant binding proteins (GOBPs). It was shown that PBPs and
GOBPs never co-exist in the same sensillum (Steinbrecht et al., 1995) and therefore may
be involved in odorant discrimination (Pelosi and Maida, 1995; Steinbrecht et al., 1996).
A function of OBPs in transporting the odour molecules through the sensillum lymph
towards the odorant receptors in the membrane of the dendrite is generally assumed (Vogt
and Riddiford, 1986; Van den Berg and Ziegelberger, 1991).
The odorant receptors (OR) are G-protein coupled proteins (Fadool et al., 1995)
with seven transmembrane regions (Breer, 1994). Binding of the odorant-OBP complex
to the OR activates the G-protein, which couples to a phospholipase C (PLC). The PLC
cleaves a membrane phosphatidyl inositol bisphosphate (PIP2), releasing the intracellular
second messengers inositol trisphosphate (IP3) and diacylglycerol (DAG) (Bruch, 1996).
A transient pulse of IP3 is formed (Breer et al., 1990) that activates nonselective cation
channels (Fadool and Ache, 1992), leading to depolarisation of the dendrite. The rapid
termination of the IP3 pulse is mediated by protein kinase C (PKC), activated by the DAG
that is concomitantly generated with IP3 (Krieger et al., 1997). Zufall and Hatt (1991)
showed an activation of a nonselective cation channel by DAG and by cGMP. The influx
of calcium may further activate ion channel activity (Zufall et al., 1991). Ion channels
may also be directly coupled to the OR via the G-proteins (Wickman and Clapman, 1995).
Calcium dependent and voltage dependent potassium channels contribute to the
repolarization of the dendrite (Stengl et al., 1992). A cAMP pathway (via a G-protein-
activated adenylate cyclase) mediates odorant-induced inhibition of olfactory neurones,
by opening potassium channels, thereby hyperpolarizing the dendrite (Krieger et al.,
1997). The intracellular signal transduction pathway is summarized in Figure 2.
Upon depolarization of the dendrite, the receptor potential spreads electrotonically
towards the nerve impulse generator on the soma of the receptor cell, and action potentials
are generated and are sent via the axon to the brain.
For the deactivation of the odour, the following mechanism was proposed
(Ziegelberger, 1995): The odorant-OBP complex is rapidly oxidized, possibly by the
receptor. This oxidized odorant-OBP complex is unable to stimulate further receptor
molecules. Finally, the odour is degraded by enzymes (Vogt and Riddiford, 1986;
Rybczynski et al., 1990; Pophof, 1998).General introduction
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Figure 2. Schematic diagram of the perireceptor events and intracellular signal transduction
routes, leading to detection of an odour in insect sensilla. Odour molecules diffuse either through
air or through the cuticular wax layer into the pores, the pore tubules presenting a large surface
to facilitate uptake by OBPs that are in the reduced form (red). These odorant-OBP complexes
bind with G-protein coupled receptor molecules that are activated. OBP oxidizes (ox), preventing
it to further bind receptor molecules; the odorant is dissociated and enzymatically degraded (E)
to metabolites (M). Upon activation of the receptor molecule, several intracellular second
messenger cascades may be started, leading to the opening of ion channels and subsequent
depolarization (or hyperpolarization) of the dendrite. For a detailed description see text
(modified and summarized from Kaissling, 1996, and Krieger et al, 1997).
Odour discrimination
The olfactory system responds to and distinguishes myriads of volatiles, even "unknown"
chemicals that are readily detected when they are encountered for the first time. The
olfactory system therefore might possess thousands of ORs, or, alternatively, the
specificity may be based on fewer OR types, each reacting with a wide range of odorants
(Breer, 1994). In Drosophila melanogaster, 16 OR genes were identified in a search of
approximately 20% of the genome (Clyne et al., 1999; Vosshall et al., 1999). Recently,
the complete repertoire of OR genes of Drosophila was isolated, comprising 57 genes that
code for the ORs, together responding to all odours the fly is sensitive to (Vosshall et al.,
2000). In vertebrates it is found that one OR recognizes multiple odorants and one odorant
is recognized by multiple ORs, but different odorants are recognized by different
combinations of ORs (Malnic et al., 1999). The same may hold true for insect ORs
(Vosshall, 2000). Individual olfactory neurones are likely to express only one ORChapter 1
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(Vosshall et al., 2000). Olfactory neurones expressing ORs responding to multiple
odorants are called generalist olfactory neurones. However, in Lepidoptera also specialist
neurones were found, that only respond to one chemical, e.g. the sex pheromone
(Kaissling, 1996).
The number of OR genes approximates the number of glomeruli in the antennal
lobe, the primary olfactory centre in the brain (Vosshall, 2000). Each olfactory neurone
projects to one glomerulus in the ipsilateral antennal lobe (Hildebrand, 1995), which may
receive input only from similar olfactory neurones. A response pattern over the olfactory
neurones to a specific odour, called an across fibre patterning of odour coding, is thus
reflected in a pattern of activity across the array of glomeruli in the antennal lobe. The
responses to general non-species-specific odours are processed in this way (Galizia and
Menzel, 2000). In Lepidoptera, some glomeruli in the male antennal lobe are enlarged,
forming the macroglomerular complex, and are specialized exclusively in processing sex
pheromone stimuli detected by pheromone specialist cells (Hansson et al., 1992). This
type of odour processing is called labelled line odour coding.
Processing of odour information starts in the olfactory lobe by interneurones and
projection neurones that integrate information from several glomeruli. Interneurones may
be activated by just one specific odour or specific odorant blend or may activated by a
broad range of odours (Anton and Hansson, 1994). The interneurones not only process
the glomerular activities but also the temporal aspects of the responses to an odour
(Laurent, 1996). A high synaptic plasticity of the antennal lobe processing circuitry,
contributing to olfactory learning and memory is found to be mediated by the short lived
signalling molecule nitric oxide, which is mainly produced in the interneurones of the
olfactory lobe (Bicker, 1998). Projection neurones send their axons to higher cerebral
regions, including the mushroom body and the lateral protocerebrum. How further
processing of all information in the brain leads to a behavioural response, is not
unravelled yet.
AIM AND OUTLINE OF THIS THESIS
Olfaction of the housefly
Houseflies search for food sources, oviposition sites and mates using visual and olfactory
cues. These cues may be used to control houseflies when they become a pest. The
attractivity of presently used baits and traps is not sufficient to effectively control housefly
populations in livestock or food processing industries. Several behavioural studies were
done to test the attractiveness or repellency of odorants for houseflies (Wiesmann, 1960;
Brown et al., 1961; Larsen et al., 1966; Frishman and Matthysse, 1966; Mulla et al.,
1977; Künast and Günzrodt, 1981; Pickens et al., 1994a; Cossé and Baker, 1996). TheseGeneral introduction
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studies revealed some attractive odorants than could be used to lure houseflies towards
traps and baits. Natural fermenting or decaying products appeared to be the most effective
attractants for houseflies (Künast and Günzrodt, 1981), but the use of these natural
products as baits in traps is inconvenient and not economical due to the high frequency
of bait-replacement and trap maintenance (Ashworth and Wall, 1994). It would be more
convenient when a highly attractive synthetic formulation could be used to attract
houseflies. To reach this goal, much can be gained in the improving of chemical
formulations that either mimic natural substances or form new attractive odour
compositions for houseflies.
An effective approach in designing attractive chemical compositions is to first
make a preselection of candidate substances. With electrophysiological techniques a quick
screening of substances is possible. Substances that do not evoke electrophysiological
responses can be disregarded, but high electrophysiological responses could indicate
candidate attractants. By chemical analysis of attractive natural products and
electrophysiological testing of the compounds making up the fragrance of the product, the
most important compounds contributing to the attractiveness of the product may be
identified.
Despite of the abundance and economical importance of houseflies, little is known
about the sensory physiology of housefly olfaction. Gathering knowledge of the
morphology and the physiology of the olfactory system is an essential first step in the
process of finding efficient attractants, which may be used to improve housefly control.
Morphological data provide information on the form, location and number of olfactory
sensilla, indicating where electrophysiological recordings should be made and how large
a representative sample of the population of receptor cells should be. Comparative
morphology could indicate sensilla, housing olfactory cells sensitive to attractive odours.
For instance, most receptor cells in trichoid sensilla of male moths are specialized in
detecting sex pheromones, leading to mate-seeking behaviour (Hildebrand, 1995).
Presence of similar structures should be studied in houseflies. The mechanism of odour
coding in houseflies is also of interest. Odours inducing stereotyped behaviour are often
detected by specialist cells in a labeled line odour coding, while general odours are most
commonly detected by generalist cells and discriminated by across fibre patterning. Other
physiological data, e.g. differences in sensitivity between males and females, or between
newly emerged and mature flies; and the influence of background odours on the
sensitivity to new odours, give information on the effectiveness of baits and traps for the
population of flies in the environment they are intended for. Using this information,
identification and testing of attractive odours can be done.
This thesis therefore first concentrates on analysing the morphology andChapter 1
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physiology of the housefly olfactory system using electron microscopic and
electrophysiological techniques. Secondly, chemical analyses of the odour of attractive
natural products and identification of their key components is described. For the various
chapters the main questions are as follows:
Chapter 2  What kinds of sensilla are present on the olfactory organs of the housefly
and how are they distributed?
We describe the morphology of the olfactory sensilla present on the antennae and palps,
the main olfactory organs of the housefly. The outer morphology, number and distribution
of different sensilla is determined using scanning electron microscopy, and their
ultrastructure is investigated with transmission electron microscopy. We find that small
flies possess significantly less sensilla than large flies of the same strain.
Chapter 3 What kinds of olfactory receptor cells are present in the olfactory organs?
We perform electrophysiological analysis of the cell types present on the antennae and
palps. We find that most cells respond to a number of chemicals, contributing to an across
fibre pattern of odour coding. However some specialist cells are found. Using cluster
analysis, it appears that a few distinct cell types are present in the palps and that several
more loosely clustered cell types are present in the antennae.
Chapter 4 Do differences exist between the sensitivity of antennae and palps; of males
and females; and of mature and newly emerged flies?
Using dose-response tests, we find that antennae are more sensitive than palps to most
odours, except for two substances. Hardly any differences exist between males and
females. The olfactory system of newly emerged flies is almost fully functional and only
minor differences with the olfactory system of mature flies are found.
Chapter 5 Does the presence of background odour affect the sensitivity to new odour
pulses?
We find that background odour can enhance the responses to low concentrations of test
odours and can inhibit the responses to high test odour concentrations. However, in the
presence of background odour, dose-dependent sensitivity to new odour pulses is still
present and we conclude that the application of attractive odours in a smelly environment
is useful.
Chapter 6 What do the electroantennograms represent that are measured in response
to several odours?General introduction
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We prove that EAGs represent the summed responses of olfactory receptor cells near the
electrode. It is shown that the size of an EAG reflects the size of the concentration step
of a stimulus. Strong acid stimuli induce electrochemical potentials that interfere with
physiological responses and reduce the validity of the EAG measured.
Chapter 7 Which chemicals compose the attractive odour of natural substances?
We identify some of the chemicals present in the odour of three attractive natural
products, chicken manure, pork meat and bread, using gas chromatography and mass
spectrometry. We test the sensitivity to the chemicals from these products, found in our
analyses and in literature. We propose synthetic mixtures, containing the most important
components of these products that may be used to attract houseflies,
The thesis is concluded with a general discussion (Chapter 8), in which we summarize and
discuss the results found and connect the different chapters with the central questions:
1. What are the characteristics of the housefly olfactory system?
2. Can we identify behaviourally active odours that might be used in housefly
control?
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Chapter 2
Morphology and number of sensilla on the antennae
and maxillary palps of different sized houseflies,
Musca domestica L.
Summary
Antennae and maxillary palps of both sexes of the housefly Musca domestica L. were
investigated using scanning and transmission electron microscopy to determine types,
morphology and distribution of olfactory sensory structures. Non-innervated microtrichia
were found on all segments of the antennae and on the palps. Mechanosensory bristles
were present on the scape, pedicel and on the palp. Several types of olfactory sensilla
were present on the funiculus. Trichoid, basiconic, grooved and clavate sensilla are
described and counted. In two of the three olfactory pits grooved, striated and conical
sensilla were found, in the most proximal pit only clavate sensilla were present. On the
palp, only basiconic olfactory sensilla were found. Comparing small and large flies of the
same strain, it appeared that the size of the sensilla remained constant, but that the number
of sensilla in small flies was lower than that in large flies by a factor larger than the size
ratio.Chapter 2
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Introduction
The morphology and distribution of the various types of sensilla present on the antennae
and palps have been studied in different species of flies, e.g., face fly (Bay and Pitts,
1976), fruitfly (Venkatesh and Singh, 1984), blowfly (Kuhbandner, 1985), sheep head fly
(Been et al., 1988) and cabbage root fly (Ross, 1992). One study compared the external
morphology of the sensilla on the antennae of the housefly, Musca domestica, and the
lesser housefly, Fannia canicularis (Bellingham, 1994), but up till now a detailed study
of the morphology and distribution of sensilla on both the antennae and the palps of the
housefly, Musca domestica, has not been reported.
In the present paper we present an inventory of the antennal and palpal sensilla of
both sexes of Musca domestica. In addition, we compare the size and numbers of these
sensilla on flies of different size. Depending on the conditions at which the larvae grow
up, last instar larvae and, consequently, the pupae and flies may differ considerably in
size. When little food is available or the density of larvae at a food source is very high,
the flies are much smaller than those originating from larvae which have grown up under
optimum conditions. The latter flies weigh about 3 times more and are about 1.5 times
longer than the former. We have investigated which consequences these differences in
size may have on the size and numbers of the antennal and palpal sensilla.
Materials and methods
Insects
Musca domestica pupae of the WHO strain Ij2 were obtained from the Danish Pest
Infestation Laboratory (Lyngby, Denmark). Cultures of the strain were kept in the
laboratory at 25°C and 75% RH. Larvae were reared in an aqueous jelly of agar, yeast and
skim milk powder (1:5:5 by weight), and allowed to pupate in wood curls on top of the
jelly. Two cultures were maintained. In one culture the jelly contained a high density of
larvae, from which relatively small flies (6-9 mg wet weight, 4.2-5.5 mm from forehead
to abdomen tip) were obtained. In the other culture a low density of larvae was present,
from which relatively large flies were reared (16-27 mg wet weight, 6.7-7.8 mm in
length). Seven to ten flies of each culture were investigated separately. We preferably
used newly emerged flies to minimize damage or contamination of the antennae and palps.
Scanning Electron Microscopy
Flies were immersed in hexane and shaken for several minutes to remove the cuticularMorphology of antennae and palps
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wax layer. Then the antennae and palps were cut and attached to brass holders, using two-
component glue. The preparations were coated with gold in a high-vacuum sputtering
device and stored in a desiccator until use. The preparations were studied with a Jeol-36C
scanning electron microscope. Photographs of dorsal, ventral, lateral and medial sides of
the antennae and palps of males and females of each of the cultures were made at 470x
magnification. The lengths of the funiculi were measured from the proximal rim to the tip
and the lengths of the palps from the basal attachment to the tip. Sensillum density was
determined by covering the photographs with a grid, each compartment representing 1000
µm
2, and counting the number of sensilla in each compartment. Higher magnifications
were used to study the morphology of single sensilla in more detail.
Transmission Electron Microscopy
Antennae and palps of hexane-washed flies were cut and fixed overnight at 4°C in 2.5%
glutaraldehyde containing 0.1% teepol soap. After 4 times rinsing with cacodylate buffer
(pH = 7.2), and postfixation for several hours in a solution of 0.7% osmium tetroxide and
2% potassium bichromate, the specimens were contrasted overnight in 1% uranyl acetate.
After dehydration in a graded ethanol series, each specimen was separately embedded in
Epon. Sections (about 80 nm thick) were cut with an LKB ultramicrotome, transferred
onto single-hole film-coated grids and studied in a Philips 201 or a CM 10 transmission
electron microscope.
Results
In rest, the antennae are situated in a cephalic depression (antennal fossa) between the
eyes, and consist of a scape, pedicel, funiculus and arista (Fig. 1A). During flight and
when probing for food, the antennae are extended, their tip pointing obliquely forward.
In this position, the whole surface of the antennae is exposed to the environment. Several
structures are distributed over the antennae: microtrichia and grooved bristles are present
on the scape and pedicel; microtrichia, trichoid sensilla, basiconic sensilla, grooved
sensilla and clavate sensilla cover the funiculus. The arista bears hairlike spines (Fig. 1B).
The palps (Fig. 1A, D) are attached rostrally to the proximal part of the proboscis.
In rest, the proboscis is withdrawn in the proboscal cavity, covering the palps except for
their tip. The proboscis is extended during probing and feeding. Only then the whole
surface of the palps is exposed to the environment. Three types of structures are present
on the palps: microtrichia, grooved bristles and basiconic sensilla.Chapter 2
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Table 1. Length (± SD) of bodies, funiculi and palps from small- and large-sized houseflies.
Differences in body, funiculus and palp length are all significant between small and large flies
for both sexes (t-test, P < 0.001, n = 3-6).
small large
males females males females
body (mm) 4.5 ± 0.2
* 4.9 ± 0.4 
* 7.1 ± 0.3 7.4 ± 0.3
funiculi (µm) 356 ± 36
* 403 ± 19
* 479 ± 22 495 ± 41
palps (µm) 479 ± 46 511 ± 12 605 ± 27
* 766 ± 47
*
* Indicates significant difference between sexes (P < 0.05, n = 3-6).
Houseflies differ in size, depending on the conditions in the larval stage. We reared
houseflies from one and the same strain in high larval density to obtain small flies or in
low larval density to obtain large flies. In both cultures males were somewhat smaller than
females, and so were their funiculi and palps (Table 1). Comparing small with large flies,
both the funiculi and the palps were significantly smaller in the former than in the latter
for each sex (Fig 1B, C; Table 1). Sensillar densities were determined in both small and
large flies. Both sizes of flies bearing the same types of sensilla, we studied the
ultrastructure of the sensilla in large flies only.
Surface structures
Microtrichia
The palps and the scape, pedicel and funiculus are covered with microtrichia. They are
present in a density of about 0.02 µm
-2 on the palps and 0.05 µm
-2 on the funiculus in
males as well as females of both small and large flies. The length of these hairs is 15-26
µm on the palps, 4-40 µm on the pedicel, and varies from 5-12 µm on the top of the
funiculus to 9-20 µm on the base of the funiculus. They taper from a 0.6-2.5 µm base to
a sharp tip. Two longitudinal grooves run from base to tip (Fig. 2F). Microtrichia are not
innervated. They seem to have a channel, the internal opening of which is located above
cells with numerous microvilli (Fig. 3A).
Figure 1. A) Frontal view of a female housefly. B) Medial side of the left funiculus from a small
fly of about 4.5 mm. C) medial side of the right antenna of a large fly of about 7 mm. D) Medial
side of the left palp of a small fly. Sc = scape, Pe = pedicel, F = funiculus, A = arista,
af = antennal fossa, Pr = proboscis, P = palp, br = grooved bristle. Bars indicate 100 µm.Chapter 2
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Figure 2. Sensilla on the surface of the funiculus and palp. A) Funicular basiconic sensillum with
pointed tip. B) Funicular basiconic sensillum with blunt tip. C) Basiconic sensillum on palp.
D) Overview with short trichoid sensilla at the tip of the funiculus. E) Overview with long trichoid
sensilla at the base of the funiculus. F) Microtrichia with trichoid sensillum. G) Grooved
sensillum. H) Clavate sensillum with distal swelling shrunken due to the preparation. Bars
indicate 1 µm in A-C, F-H and 10 µm in D, E. p = pores, b = basiconic sensillum, t = trichoid
sensillum, g = grooved sensillum, m = microtrichium.Morphology of antennae and palps
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Grooved bristles
On the scape and pedicel are longitudinally grooved bristles (10-230 µm in length),
arising from a presumably flexible socket (Fig. 1C). Similar grooved bristles (50-450 µm
in length) with a base diameter of 3.7-9.4 µm in 4.5-17 µm wide sockets are present in a
density of about 6⋅10
-4 µm
-2 on the palps, the longer bristles pointing downwards from the
ventral surface (Fig. 1D). The total number per palp is about 30 in small flies to 50 in
large flies. 8-12 grooves originate near the base, some of these melting together on their
way to the tip. The bristles have a central channel, the diameter of which is less than 1/3
of the thick, unperforated walls.
Trichoid sensilla
The density of trichoid sensilla is high at the distal end of the funiculus (up to
3.5⋅10
-2 µm
-2) and decreases towards proximal and ventral regions, trichoid sensilla being
absent on the most proximal ventral 1/4 of the funiculus. Trichoid sensilla vary in length
from about 13 µm at the distal end to about 25 µm at the proximal end of the funiculus
in large flies (Fig. 2D, E) and from about 15 to 27 µm from tip to base of the funiculus
in small flies. They are curved, their tip pointing to the tip of the funiculus. The curvature
of the sensilla at the distal end of the funiculus is more or less constant, but the sensilla
at proximal regions show a sharp bend halfway. The trichoid sensilla taper, having a base
diameter of 2.5 to 4.5 µm and a blunt tip about 1 µm wide. The cuticle is perforated with
pores in a density of about 3 µm
-2 (Fig. 2F). Their walls are relatively thick (about 500 nm
at the base and 50 nm at the tip) with 7 nm pores that widen into large 90 nm kettles
(Fig. 3D). Cross-sections at the base of the sensillum show 2 or 3 dendrites that branch
in the lumen of the sensillum hair, because near the tip up to 11 circular-shaped dendrite-
branches are found (Fig. 3B).
Basiconic sensilla
These sensilla are slightly tapered in shape. On the funiculus the length of basiconic
sensilla varies from 4.5 to 11 µm and their base diameter from 1.3 to 2.7 µm. The shorter
ones have a blunt tip (Fig. 2B) and the longer ones a pointed tip (Fig. 2A). Intermediate
forms also exist. All these types are present all over the funiculus in both small and large
flies. In the lower-magnification photographs, used for determining the density and total
number of sensilla, we could not recognize differences in shape of the basiconic sensilla,
and therefore we took them together. Basiconic sensilla are most abundant ventrally (19-
25⋅10
-3 µm
-2), where they can occur in groups of 2-4 sensilla, whereas on the rest of the
funicular surface they occur intermixed with other hairs in a density of about 3⋅10
-3 µm
-2.Chapter 2
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Figure 3. A) Section through a trichoid sensillum (t), microtrichium (m) and basiconic sensillum
(b). Note the difference in thickness of the cuticular wall. B) Cross-sections through the base
(bottom) and tip (top) of trichoid sensilla, showing 3 dendrites and 11 dendritic branches,
respectively. C) Basiconic sensillum of antenna, showing 2 branching dendrites. Note the many
pores in the cuticular wall. D) Longitudinal section through a trichoid sensillum. Arrowheads
(<) indicate pores, k = pore kettle, d = dendrite. E) Longitudinal section through a basiconic
sensillum. Arrowheads (<) indicate pores, pt = pore tubules, k = pore kettle, d = dendrite. Bars
indicate 1 µm in A-C and 100 nm in D and E.Morphology of antennae and palps
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Figure 4. A) Low section through a grooved sensillum, showing the cuticular sheat (cs) and 3
sections of dendrites (d). B) Grooved sensillum at a higher cross-section showing 2 dendrites in
a cuticular sheat (cs). C) Cross-section through the grooved part of a grooved sensillum. D)
Cross-section through the top of a clavate sensillum, showing lamellated dendrites and a
perforated cuticular wall. Bars indicate 1 µm.
Table 2. Average density of sensilla (10
-3 µm
-2 ± SD) on the funiculi (lateral sides) and palps
(distal tip) and estimated total number of each sensillum type on an antenna or a palp.
funiculus palp
Trichoid basiconic grooved basiconic
small flies
males 7.2 ± 1.5 2.4 ± 0.9
* 0.3 ± 0.1
*# 6.0 ± 1.1 sensillum
density
females 7.4 ± 2.4 2.9 ± 1.0 0.5 ± 0.1
*# 4.5
total number of sensilla 1000-1200 350-500 40-60 75
large flies
Males 9.4 ± 3.6 3.6 ± 0.4
* 0.8 ± 0.4
* 6.2 ± 1.6 sensillum
density
Females 10.0 ± 1.0 3.5 ± 0.9 1.1 ± 0.2
* 6.0
total number of sensilla 1500-2000 530-700 90-110 90
* Indicates significant difference between sizes (t-test, P < 0.05, n = 3-5).
# Indicates significant difference between sexes (t-test, P < 0.05; 5 males, 4 females).Chapter 2
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Table 3. Types and ultrastructural characteristics of sensilla on funiculi and palps.
funiculus palp
trichoid basiconic grooved clavate  basiconic
length (µm) 12-20 4.5-11 1.5-3 9-11 4.5-7.5
basal diameter (µm) 2.5-4.5 1.3-2.7 0.6-0.9 1.5 1.7-2.6
wall thickness (nm) 500-50 70-35 45 95 80
pore diameter (nm) 7 10 - 35 22
pore kettle diameter (nm) 90 22 - 90 50
pore density (µm
-2) 3 10 - 10? 14
number of dendrites 2-3 2-3 2-3 1-? 2-3
Their cuticular wall is about 70 nm thick at the base of the sensillum and 35 nm at the tip.
Figure 3E shows pores 10 nm in diameter, widening into a 22 nm kettle with many pore
tubules at the bottom of the pore kettle. The 2 or 3 dendrites that enter the sensillum
extensively branch to many irregular forms (Fig. 3C).
The basiconic sensilla on the palps are 4.5-7.5 µm in length and 1.7-2.6 µm in
diameter and have a lightly pointed tip (Fig. 2C). They are concentrated on the extreme
tip (about 6⋅10
-3 µm
-2) and in a lower density (0.5-3⋅10
-3 µm
-2) below the tip on the distal
1/3 of the palp, the greater part on its ventral side. The pore density in basiconic sensilla
on the palp is higher (14 µm
-2) than in antennal basiconic sensilla (10 µm
-2). The cuticular
thickness is 80 nm, the pores being 22 nm in diameter and the pore kettle 50 nm wide
(Table 3).
Grooved sensilla
These sensilla are distributed over the whole funicular surface in a low density of about
0.3-2⋅10
-3 µm
-2. These small sensilla (1.5-3 µm long, 0.6-1 µm diameter at the base) are
characterized by deep, longitudinal grooves in their walls over the distal 2/3 of the
sensillum, where they form about 7 finger-shaped ridges (Fig. 2G). TEM-studies show
that these sensilla are double-walled. The double wall consists of the cuticular sheath that
surrounds three dendrites from deep under the cuticle and the cuticular peg (Fig. 4A). At
1/3 of the peg, the sheath and outer cuticle fuse to hollow, finger-like processions, leaving
openings towards the outer environment in the grooves between the “fingers”. Cross-
sections of the basal part of the sensillum show two dendrites that are tightly fit in theMorphology of antennae and palps
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inner lumen (Fig. 4B). In the upper 1/3 of the sensillum the ridges form a stellate
configuration (Fig. 4C).
Clavate sensilla
A few sensilla with a club-like shape were found on the proximal part of the funiculus
(Fig. 2H). They are about 11 µm in length, characterized by a distal swelling, circa 2.5
µm in diameter, while halfway the sensillum the diameter is about 1.2 µm. Only one
cross-section was encountered which showed a wall thickness of 95 nm and pore and
pore-kettle diameter of 35 nm and 90 nm, respectively (Table 3). The pore density is
comparable to that of the basiconic sensilla. The dendrites are highly lamellated (Fig. 4D).
Olfactory pits
Three so-called olfactory pits are present in the antennae of the housefly (Fig. 5A). Only
the olfactory pits of large flies were examined, but the presence of pit-openings also
proves their presence in small flies. Two olfactory pits (type I) have their opening near
the base of the funiculus, one in the lateral side and one in the ventral side opposite to the
point of attachment of the arista. These olfactory pits are 28-35 µm in diameter, consisting
of several chambers that contain grooved, striated and conical sensilla. The third olfactory
pit (type II) is located ventrally, most proximally inside the funiculus, and its entrance is
at the inside of the funnel-like base of the funiculus, near the joint between pedicel and
funiculus (Fig. 5A). It has one chamber, 25-50 µm in diameter, and is densely filled with
clavate sensilla.
Table 4. Types and ultrastructural characteristics of sensilla located in the olfactory pits of
the antennae.
olfactory pit type I type II
grooved striated conical clavate
length (µm) 2.7-4 3-5 2-3.5 17
basal diameter (µm) 0.9 0.9-1.8 1.6 2
wall thickness (nm) 32 80-? 150-50
pore diameter (nm) - - - 36
pore kettle diameter (nm) - - - 90
number of dendrites 2 2 ? 1-?Chapter 2
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Figure 5. Olfactory pits and their sensilla. A) Longitudinal section through an antenna showing
its inner medial side. Two type I olfactory pits (p.I) are seen, the lower with its entrance. The
entrance (e) of the type II olfactory pit (p.II) is located inside the bulge where the funiculus is
connected to the pedicel. B) Olfactory pit type I with conical (c) and grooved sensillum (g).
C) Olfactory pit type I with striated (s) and grooved sensilla (g). Sensilla the tips of which have
been cut off during sectioning, are marked with and x. D) Olfactory pit type II, with many clavate
sensilla. E) Cross-sections through grooved sensilla, the left one of which has 2 dendrites.
F) Cross-section through a striated sensillum with 2 dendrites. G) and H) Cross and longitudinal
sections through sensilla clavicula with highly lamellated dendrites. Arrowheads indicate pores
in the cuticular wall. Bars indicate 100 µm in A, 10 µm in D and 1 µm in the other graphs.Morphology of antennae and palps
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Grooved pit sensilla
Some grooved pit sensilla resemble the grooved sensilla from the funicular surface in
shape and size (2.7 µm length, 0.9 µm diameter, Fig. 5B). Others are longer (4 µm) and
the finger-shaped projections are arranged irregularly (Fig. 5C). In cross-section, a stellate
form with up to 11 ridges can be found. Two dendrites are present in the lumen (Fig. 5E,
Table 4).
Striated pit sensilla
These conical structures are 3-5 µm in length, tapering from a base 0.9-1.8 µm in
diameter. Fine striations run along the length of the sensillum (Fig. 5C). Two dendrites
are tightly fit in the lumen. No pores in the cuticular wall were found (Fig. 5F, Table 4).
Conical pit sensilla
Some conical structures with smooth walls were found, tapering from a 1.6 µm base to
2-3.5 µm height (Fig. 5B, Table 4). As no cross-sections were encountered, ultrastructural
data cannot be presented.
Clavate pit sensilla
These 17 µm long sensilla are present in high density in the type II olfactory pit, their
number being about 50 (Fig. 5D). Their distal swelling (3.3 µm diameter) is more
pronounced than that of the clavate sensilla on the funicular surface. Sections show a
highly lamellated dendrite in the lumen (Fig. 5G, H). The cuticular wall is 150 nm thick
at the base and 50 nm at the distal swelling and has many cuticular pores, 36 nm in
diameter, widening to a 90 nm pore kettle with pore tubules (Table 4).
Numbers of sensilla in small and large houseflies
The sensillum density of basiconic and trichoid sensilla varies over the funicular surface
from rostro-dorsal to proximo-ventral regions. The sensillum density on the lateral side
of the funiculus can be assumed to represent an intermediate funicular density, and we
used this density to investigate differences between sexes and sizes. We found no
significant differences in presence and density of sensilla between sexes of one size,
except for a lower density of grooved sensilla in small male vs. female flies (Table 2).
Comparing differences in small and large flies, the lateral density of the sensilla on the
funiculi of smaller flies was lower than that on the funiculi of large flies, although this
difference was not statistically significant for all sensillum types (Table 2). Thus, as small
flies had significantly smaller funiculi than large flies, the total number of funicular
sensilla was considerably lower in small flies than in large flies. The density of basiconicChapter 2
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sensilla on the tip of the palp was similar in flies of both sizes and sexes. We estimated
the total number of the sensilla for each size of flies from the average number of sensilla
counted on each side (dorsal, lateral, ventral and medial when available) of antenna and
palp, combining results from both sexes (Table 2). Small flies may possess half the
number of sensilla present in large flies.
Discussion
We have classified a variety of sensilla on the antennae and palps of houseflies, the
function of which will be discussed below.
On the scape and pedicel of the antennae only microtrichia and grooved bristles
were found. These structures have no cuticular pores, and therefore they seem to have no
olfactory function. This is supported by the finding that coating the pedicels did not alter
the olfactory responses of Musca domestica (Greenberg and Ash, 1972). We were unable
to confirm the presence of setiferous plaques (with an as yet unknown function), observed
on the pedicel of Musca domestica by Greenberg and Ash (1972). Grooved bristles are
considered to have a mechanosensory function (Been et al., 1988) and are commonly
present on the first two segments of the antennae and on the palps in Diptera.
The funiculus is covered with sensilla, but the arista is devoid of sensory organs
and innervation (Wiesmann, 1960; Lewis, 1971). Liebermann (1926) suggested that the
arista has a protective function to keep dirt from the sensilla on the funiculus, but
Burkhardt (1960) showed that the arista acts like a lever arm, that turns the funiculus
outwards in a stream of air. In this way the Johnston’s Organ in the pedicel is activated,
giving information on airflow dynamics. At the same time the olfactory sensilla on all
sides of the funiculus are exposed to the airflow.
Except for the microtrichia, all hairs on the funiculus are innervated. The trichoid,
basiconic and clavate sensilla have wall-pores and the grooved sensilla have openings in
the grooves. All these sensilla may have an olfactory function, the odours diffusing
towards the dendrites through these pores (Steinbrecht, 1997).
The distribution of receptors found on the funiculus of Musca domestica resembles
what is found in many other flies, e.g. Phormia regina (Dethier et al., 1963), Stomoxys
calcitrans (Lewis, 1971), Musca autumnalis (Bay and Pitts, 1976), Hydrotaea irritans
(Been et al., 1988), Ceratitis capitata (Mayo et al., 1987), Drosophila melanogaster
(Venkatesh and Singh, 1984), Delia spp. (Ross and Anderson, 1987; Ross, 1992), and
Pseudoperichaeta nigrolineata (Rahal et al., 1996). The trichoid sensilla are the most
robust in construction and are present on the most exposed surfaces. The more fragileMorphology of antennae and palps
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sensilla are protected by the larger trichoid sensilla or present at less exposed places of
the funiculus (Lewis, 1971). In contrast to other Diptera, in Musca domestica no basiconic
sensilla were found in the olfactory pits. The type II pit containing clavate sensilla has
only been found in Fannia canicularis (Bellingham, 1994).
Trichoid sensilla
Trichoid sensilla represent the highest number of olfactory sensilla in the housefly and
many other Diptera. In moths, trichoid sensilla respond to sex pheromones (Den Otter et
al., 1978; Grant et al., 1998), but in mosquitoes these sensilla respond to various odours
(Van den Broek and Den Otter, 1999). It is likely that in houseflies trichoid sensilla are
also sensitive to various types of substances, because only a few olfactory cells appear to
respond to the housefly sex pheromone muscalure and only very few specialist cells were
found (see Chapter 3).
Basiconic sensilla
Basiconic sensilla are present in different shapes and sizes on the antennae and palps of
the housefly. In other flies, several subtypes of basiconic sensilla were described; for
instance, 8 types in Hydrotaea irritans (Been et al., 1988), 3 types in Ceratitis capitata
(Mayo et al., 1987), a large and a small type in Musca autumnalis (Bay and Pitts, 1976),
a blunt and a pointed type in Delia spp. (Ross, 1992) and in Pseudoperichaeta
nigrolineata (Rahal et al., 1996). We also found large and small, blunt and pointed
basiconic sensilla (see Fig. 2D, E), but intermediate shapes and sizes were also found,
making a clear distinction difficult. In the TEM studies, no differences in basiconic
sensilla were found.
The maxillary palps of the housefly only bear one type of olfactory sensillum, the
basiconic sensillum. This was also found on palps of Calliphora vicina (Van der Starre
and Tempelaar, 1976), Drosophila melanogaster (Singh and Nayak, 1985) and Hydrotaea
irritans (Been et al., 1988). These are all Diptera, bearing maxillary palps that do not
contact the substrate while the fly is examining the food with the proboscis extended.
Therefore, absence of contact-chemoreceptors on the palps is understandable. Odours
emanating from the substrate may stimulate the olfactory receptors of palp (and antenna)
for on site examining of the food. When the proboscis is retracted, it covers most of the
palps, except for the tip. This may explain that the highest density of sensilla is on the tip
of the palps. The presence of mechanoreceptive bristles remains unclear as the palps do
not handle the food and will only be stimulated by airflow or during the infolding of the
proboscis.Chapter 2
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Clavate sensilla
A few sensilla with club-like shape were found. Some authors classified them as a subtype
basiconic sensillum (Rahal et al., 1996; Been et al., 1988), but we prefer the name clavate
sensilla, in accordance with other authors (Lewis, 1971; Mayo et al., 1987; Ross, 1992).
These sensilla house highly lamellated dendrites, as was also found for clavate sensilla
in Stomoxys calcitrans (Lewis, 1971) and Delia radicum (Ross and Anderson, 1991).
Lamellated dendrites also occur in the knob sensillum of the terminal organ of housefly
larvae (Chu and Axtell, 1972) and in coeloconic thermoreceptive sensilla of mosquitoes
(McIver, 1982). Some cold receptors seem to be characterized by a highly lamellated
dendritic end structure (Altner and Loftus, 1985), and, therefore, clavate sensilla could
have a thermosensitive function, as was suggested by Ross and Anderson (1991). Having
numerous cuticular pores with pore tubules, an additional olfactory function seems
obvious for the clavate sensilla of the housefly.
Grooved sensilla
Grooved pegs were found in many insect species and were called stellate sensilla (Dethier
et al., 1963), sensilla styloconica (Been et al., 1988), sensilla coeloconica (Venkatesh and
Singh, 1984; Hunger and Steinbrecht, 1998) or double-walled sensilla (Kuhbandner,
1985). Hunger and Steinbrecht (1998) describe spoke channels connecting the central
lumen with the grooves through which odour molecules may be transported. We could not
confirm the presence of these spoke channels, but we saw some electron-dense material
between the “fingers”, as found in the grooved sensilla of Calliphora erythrocephala
(Kuhbandner, 1985). In the olfactory pits we found two types of grooved sensilla, small
ones with regular “fingers” and longer ones with irregularly set “fingers”. In the olfactory
pit of Drosophila, also two types of grooved sensilla were found (Shanbhag et al., 1995),
but these differed only in diameter. A combined chemoreception and thermoreception
function was proposed for grooved sensilla in Periplaneta americana and Locusta
migratoria (Altner and Loftus, 1985). This may also be the case in Musca domestica.
No-pore sensilla
The type I olfactory pits have two types of sensilla without wall pores, the striated and
conical sensilla. These also exist in the olfactory pits of Delia radicum (Ross and
Anderson, 1991). Unfortunately, no cross-section of the conical sensillum was obtained,
so we cannot elucidate its inner structure. The striated sensilla contain two dendrites that
fill the lumen almost completely. The ultrastructure resembles that of the no-pore
sensillum with inflexible socket that usually contains a triad of a moist air, a dry air and
a cold receptor (Altner and Loftus, 1985). The dendrite of the cold cell usually endsMorphology of antennae and palps
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beneath the peg, displaying membrane invaginations (Altner et al. 1978, 1983). Although
we did not find sections at this below-peg level, and thus cannot confirm the presence of
a triad of hygro- and cold receptors we may assume that the no-pore sensilla have a
hygroreceptive function. Hygroreceptors may be stimulated mechanically by swelling of
the cuticular wall, as is suggested by the results of Yokohari (1978), who showed that
inadequate mechanical stimulation of hygroreceptors affects the firing rate. As in known
hygroreceptors (Altner et al., 1983) we find in no-pore sensilla a tight contact of the
dendrites with the sensillum wall, inflexibility of the wall by its thickness and lack of
socket structures, and a protected position (in pits or covered by other hairs) to prevent
mechanical deformation.
Distribution of sensilla
 There were only minor differences between males and females in the presence and
distribution of the sensilla on the antennae and palps. This might indicate that both sexes
of houseflies are sensitive to the same odours (Chapman, 1982).
The number of sensilla differs considerably between large and small flies of the
same strain. Chapman (1982) has shown that species size and number of antennal sensilla
are correlated, but no studies exist concerning differences in size within one species. One
might expect that the total number of sensilla within one species is constant to keep the
olfactory sensitivity and possibility of discrimination of different odours at a desired level.
This study shows that when larvae are reared at inferior conditions, small adults emerge
that have significantly less sensilla. Surprisingly, the density on the antennae of small flies
was lower than the density on large flies, which enhanced the difference in total sensillum
number. The size of the sensilla shows some variation, but seems to be bound to a certain,
genetically determined range, presumably depending on the mechanism of ontogeny of
functional sensilla. Within the variation of sensillum size, we found that trichoid sensilla
in small flies were even somewhat larger than in large flies. As a small fly has small
antennae, less sensilla fit on the surface.
Dethier et al. (1963) claim that axonal fusion is a common feature of the insect
sensory system. When this is true, in smaller flies less axons could fuse to keep the total
number of axons, projecting to the olfactory lobe the same. However, Strausfeld (1976)
counted about 7300 axons in the antennal nerve of the housefly. This fits with our counts
of between 5100 and 7500 dendrites in large flies, derived from about 1750 trichoid
sensilla with 2-3 dendrites, plus about 650 basiconic sensilla with 2-3 dendrites, plus 100
grooved sensilla with 3 dendrites. The number of dendrites from clavate sensilla and the
sensilla from the olfactory pits must be added to get the total number of sensillar
dendrites. This total number then is the number of sensory neurons, each of which sendsChapter 2
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one axon to the olfactory lobe. Therefore, axonal fusion does not seem to take place in the
antennal olfactory system.
We have to conclude that small houseflies are olfactory less equipped, but as
houseflies also orient on visual cues and are not dependent on very selective food sources,
they may survive and give rise to next generations. When ample food is present for their
larvae, the size of the next generation of flies is large again.
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Chapter 3
Electrophysiological characterisation of olfactory
cell types in the antennae and palps of the housefly
Summary
A set of odours was presented to the housefly Musca domestica and the
electrophysiological responses of single olfactory receptor cells in the antennae and palps
were recorded. The olfactory cells in the antennae of the housefly showed a large
variability of response profiles, but multidimensional cluster analysis suggested a
moderate clustering in olfactory response types. The odours of 1-octen-3-ol, amyl acetate,
3-methylphenol, 2-pentanone and R(+)limonene elicited the largest responses in antennal
cells. Most odours elicited responses in cells of only a few of the clusters, but 1-octen-3-ol
was detected by cells of almost all clusters of the antenna. Surprisingly, rather low
responses were found to acetic acid, skatole, indole and muscalure, odours that are known
to attract flies. Response profiles of palpal cells differed considerably from those of
antennal cells. Palpal cells mostly responded to 3-methylphenol and 2-pentanone. In the
palps, the clusters of cells responding to 3-methylphenol and 2-pentanone are clearly
separated from the other olfactory cells. Receptor cells with similar or with different
odour response profiles can reside in one and the same sensillum.Chapter 3
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Introduction
Houseflies, Musca domestica, constitute a major problem in a variety of industries, such
as cattle and poultry farms and food processing industries (Hansens, 1963). Because of
their habit of visiting various human food sources, houseflies may also be vectors of
diseases such as dysentery, gasteroenteritis, cholera and tuberculosis (Grübel et al., 1997;
Tan et al., 1997).
To control houseflies, insect traps using attractive odours may be developed.
Several behavioural studies have been done to identify substances that can be used as baits
or repellents for the flies. These studies concentrated on complex odours of natural
substances: (decaying) food, blood, milk (Morrill, 1914; Richardson, 1917; Brown et al.,
1961; Frishman and Matthysse, 1966), or on odours of single synthetic chemicals
(Richardson and Richardson, 1922; Wieting and Hoskins, 1939; Dethier et al., 1952;
Acree, Jr et al., 1959; Wiesmann, 1960; Frishman and Matthysse, 1966; Mulla et al.,
1977; Warnes and Finlayson, 1986). Several substances were identified to be attractive
or repellent for houseflies, some of which we will further investigate in this study.
Substances deposited by houseflies may also be attractive as some studies revealed that
food sources become more attractive to flies when they had been visited before by
conspecifics (Barnhart and Chadwick, 1953; Dethier, 1955). A specific substance is
(Z)-9-tricosene (muscalure), one of the hydrocarbons present on the body of female flies,
which plays an important role in inducing sexual behaviour in male flies (Carlson et al.,
1971; Carlson and Beroza, 1973; Uebel et al., 1976).
The sensory structures responsible for detection of odours in Diptera are primarily
found on the funiculi of the antennae (Dethier et al., 1963; Slifer and Sekhon, 1964; Bay
and Pitts, 1976). Electrophysiological studies have confirmed the olfactory function of
these structures (Kaib, 1974; Den Otter and Van der Goes van Naters, 1992). Although
Saxena (1958) stated that the palps have no olfactory function, a number of
morphological, behavioural and electrophysiological studies showed that olfactory sensilla
do exist on these appendages (Smith, 1919; Dethier, 1952; Van der Starre and Tempelaar,
1976; Been et al., 1988; Ayer and Carlson, 1992; Charro and Alcorta, 1994; Kelling:
Chapter 2).
Knowledge of the physiology of the olfactory system of the housefly, needed for
a successful development of attractive or repellent formulas, is still limited.
Electrophysiology provides a sensitive and discriminative method for testing biologically
important odours for the housefly. In this report an electrophysiological analysis is made
of olfactory cell types in the funiculi and palps of Musca domestica. Using odours from
different chemical classes, supposed to have different behavioural effects on flies, theElectrophysiological characterization of olfactory cell types
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response profiles of the olfactory neurons are characterized and the neurons are classified
into distinct clusters. Functional differences between antennae and palps are investigated.
Materials and Methods
Insects. Musca domestica pupae of the WHO strain Ij2 were obtained from the Danish
Pest Infestation Laboratory (Lyngby, Denmark). Cultures of the strain were kept in the
laboratory at 25°C and 75% RH. Larvae were reared in an aquous jelly of agar, yeast and
skim milk powder (1:5:5 by weight), and allowed to pupate in wood curls on top of the
jelly. Flies were fed a mixture of milk powder, sugar and autolysed yeast (5:5:1) and had
access to tap water. Experimental flies were younger than 1 day old (newly emerged) or
4-28 days old (mature). Seven experiments with palpal cells of 2-day-old females were
included in the latter group.
Stimuli. Chemicals were obtained in the highest purity available (>98%); see Table 1.
Acetic acid was dissolved in water, the other chemicals were initially dissolved in paraffin
oil. Later we used silicon oil as solvent, as some components in paraffin oil are identical
to substances in the flies’ cuticular wax.
Aliquots of 25 µl of each solution were pipetted onto a 6x35 mm
2 filter paper in
a Pasteur pipette. The filter papers contained 10 mg muscalure or 100 µg of the other
chemicals.
Electrophysiology. A fly was immobilized by pushing it gently into a plastic pipette until
its head protruded from the tip, so that its antennae were accessible for recording (Den
Otter et al., 1988). For recording from palpal receptor cells, the tip of the pipette was
softened by heating and a protrusion serving as a platform was made. After cooling down,
two-sided adhesive tape was fixed to the platform and the proboscis of the fly was
extended and stuck on the adhesive tape. Recordings were made using the surface-contact
technique (Den Otter et al., 1980). Glass micropipette/Ag-AgCl electrodes filled with
Beadle-Ephrussi saline were used. For recordings from an antenna or a palp, the blunted
tip (50-100 µm) of the indifferent electrode was inserted into the head of the fly or
between the palps into the proboscis, respectively. By gently pressing the tip of the
recording electrode (<5 µm) against the cuticle of the funiculus or palp, spikes from
individual receptor cells could be recorded. When contact with receptor cells wasChapter 3
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established, the preparation was left undisturbed for 5 minutes before starting an
experiment.
The electrodes were connected to a high-impedance amplifier (Syntech, Hilversum,
The Netherlands). The signal was displayed on an oscilloscope, made audible via a
speaker and stored on tape with a DAT-recorder.
A constant flow (0.5 m/s) of charcoal-filtered, humidified air was passed over the
antennae through a stainless steel tube (i.d. 7 mm), the outlet of which was about 5 mm
from the preparation. For odour stimulation, 2 ml vapour from an odour-loaded pipette
was blown, in 0.2 s, into the airstream through an aperture (3 mm diameter) in the tube,
8 cm from its outlet. The flow over the antennae was maintained at 0.5 m/s by a stimulus
controller (Syntech). Odours were presented in random sequence at intervals of at least
15 s in order to determine the spectrum of adequate stimuli for the cell(s) at a site. The
locations of the sites were noted on rough maps of the funiculi or palps. The whole set of
odours was presented at four sites at most per fly. Not all cells received a complete set of
odours.
Analysis. The action potentials were analyzed using the software package Autospike
TM
(Syntech). Spikes from different cells were distinguished by their amplitudes. It was
uncertain at what moment the bulk of the stimulus reached the recording site after
injection. Therefore, the response magnitude was calculated from the maximum number
of spikes in a sliding 0.1 s period of the response, and expressed as spikes/s. The mean
non-stimulated activity (spikes/s) during the 3 seconds prior to the beginning of the
stimulation was determined and subtracted. When cells were inhibited, the response was
calculated from the longest interval between two spikes and the pre-stimulation activity
was subtracted.
An odour was considered to be adequate when the response was at least two times
higher (excitation) or lower (inhibition) than the standard deviation of the non-stimulated
frequency. Differences between substances, between males and females, and between
newly emerged and mature flies were tested using the non-parametric Mann-Whitney U
test.
To determine whether the olfactory cells could be classified according to their
response spectra, hierarchical cluster analysis (Bieber and Smith, 1986) was performed,
using the complete linkage (furthest neighbour) method. This analysis requires that
recordings from responding cells as well as from non-responding cells are used.Electrophysiological characterization of olfactory cell types
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Table 1. Chemicals used in the present study, their behavioural effect on houseflies (-: repellent,
0: indifferent, +: attractive, el: electrophysiologically active), as claimed by the listed authors,
the main sources in which they are present and the companies from which they were obtained.
odour activity source Company
1-octen-3-ol (1o3) + 
1 cattle odour Fluka, Buchs, Switzerland
amyl acetate (AA) -
2, 0
2, 3, +
3 fruit Fluka
3-methylphenol (3MP) 0 (+) 
3 urine Fluka
2-pentanone (Pent) el 
4 food Fluka
R(+)limonene (Rlm) - 
5 plant Denka Int, Barneveld, NL
acetic acid (Az) + 
2, 6, 7, 8 food Fluka
butyric acid (Bz) -
8, 9, + 
2, 3 cattle odour Fluka
indole (Ind) + 
2, 3, 9 manure Fluka
skatole (Sk) + 
2, 3 manure Fluka
Denka repellent (DR) - 
5 plant Denka
muscalure (Mus) + 
10, 11, 12 housefly Denka
Denka compound (M72) + 
5 Denka
demineralized water (H2O) 0 + 
13 food/manure
paraffin oil (Solv) 0 
4 solvent
silicon oil (Solv) 0 
4 solvent Fluka
1 1-octen-3-ol has not been tested in houseflies but was found to be attractive to several other
Diptera (Hall et al., 1984; French and Kline, 1989; Mihok et al., 1995), 
2 Brown et al. (1961),
3Frishman and Matthysse (1966), 
4 pilot experiments, 
5 Denka International, Barneveld, The
Netherlands (pers.comm.), 
6 Morrill (1914), 
7 Richardson (1917), 
8 Wiesmann (1960), 
9 Mulla et
al. (1977), 
10 Carlson et al. (1971), 
11 Carlson and Beroza (1973), 
12 Uebel et al. (1976), 
13 Acree
(1959).Chapter 3
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Results
Responses of antennal olfactory cells could be recorded from all sides of the funiculi.
From the palps olfactory responses could be obtained on the ventral and distal sides only.
Spikes from up to four cells could be recorded simultaneously at one and the same
site on the antennae and from up to three cells simultaneously at a site on the palps
(Fig. 1, Table 3). Spike size varied between 1 and 6 mV. Most cells responded with a
phasic-tonic increase of firing; only a few cells were inhibited by odours (Table 2).
Table 2. Numbers of cells tested (N), percentages of cells responding with excitation (exc.) or
inhibition (inh.), and average responses in spikes/s ± standard deviation (Resp ± SD) on
application of 100 µg (10 mg for muscalure) doses of the various stimuli. The applied stimuli are
indicated by the abbreviations given in Table 1.
Antennae Palp
stim. N  % exc. % inh. Resp ± SD N % exc. % inh. Resp ± SD
1o3 212 46.7 5.7 50 ± 86 128 26.6 0 14 ± 26
AA 214 57.0 1.9 39 ± 65 131 42.0 0 24 ± 29
3MP 223 33.2 5.8 24 ± 60 136 58.1 0 73 ± 85
Pent 222 37.8 4.5 25 ± 58 130 49.2 0 49 ± 69
Rlm 222 45.0 4.5 27 ± 49 128 23.4 0 14 ± 24
Az 137 33.6 6.6 16 ± 37 119 26.1 0.8 15 ± 24
Bz 91 36.3 7.7 15 ± 35 55 1.8 0 2 ± 7
Ind 118 36.4 3.4 15 ± 35 120 37.5 0 23 ± 38
Sk 137 31.4 7.3 15 ± 42 119 29.4 0 15 ± 24
DR 89 61.8 4.5 46 ± 58
Mus 92 41.3 5.4 21 ± 41 118 26.3 0 14 ± 24
M72 81 43.2 2.5 21 ± 42 72 73.6 0 41 ± 29
H2O 83 25.3 6.0 14 ± 46 119 24.4 0 13 ± 22
Solv 243 18.3 7.2 6 ± 19 138 28.3 0 15 ± 24
Note that the average response is the mean of all recordings: excitations, zero responses and
inhibitions and thus this mean value has limited biological meaning. The standard deviation,
however, shows the variability of the responses to the odour between all cells tested.Electrophysiological characterization of olfactory cell types
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A
Raw data
Cell I
Cell II
B
Raw data
Cell I
Cell II
C
Figure 1. Action potentials recorded simultaneously from two olfactory cells in the funiculus of
Musca domestica on application of the vapour of 0.1 mg of A) 1-octen-3-ol and B) amyl acetate.
Upper traces: spike waves; lower traces: spike amplitudes separated for the two cells. Horizontal
lines above the recordings indicate the duration of the stimulus (0.2 s). C) Distribution of
amplitudes of individual action potentials in a 7 s recording from cells I and II. The
discrimination level was set at 3.5 mV.
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Recordings were made from 255 antennal olfactory cells and 145 palpal cells of
70 female and 62 male flies. 89.4 % of the cells in the antennae and 86.9 % in the palps
responded to one or more of the odour stimuli.
No significant differences were found between the responses to paraffin oil and
silicon oil. Therefore, the responses to these solvents were pooled (Solv in Table 2).
Antennal cells of females showed significantly higher responses than male antennal cells
(p ≤ 0.05) to amyl acetate (71 ± 76 vs 56 ± 67 spikes/s), butyric acid (49 ± 51 vs 14 ± 23
spikes/s), water (73 ± 84 vs 5 ± 12 spikes/s) and M72 (58 ± 57 vs 32 ± 44 spikes/s).
Female palpal cells only showed significantly higher responses than male palpal cells to
acetic acid (p < 0.03, 23 ± 28 vs 19 ± 23 spikes/s). The responses to the other odours
tested did not differ significantly between the sexes.
Antennal responses of flies (females and males pooled) did not change
significantly from day 0 up to day 28. Linear regression of responses with age did not
show significant age-dependency (Fig. 2). However, in the palps some differences were
found on comparison of the mean responses of newly emerged flies with those of older
flies. The responses of newly emerged flies were significantly (p ≤ 0.05) lower than those
of older flies for amyl acetate (20 ± 24 vs 36 ± 29 spikes/s), and higher for acetic acid
(28 ± 29 vs 16 ± 22 spikes/s), 3-methylphenol (78 ± 78 vs 72 ± 86 spikes/s) and skatole
(26 ± 30 vs 16 ± 21 spikes/s).
Regression analysis of a scatterplot of all responses over the day showed no
significant change in responses during the day.
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Figure 2. Excitatory and inhibitory responses of antennal cells of flies of different age (n = 109)
to 1-octen-3-ol. No correlation with age was found.
Table 2 summarizes the average responses of all recordings (males and femalesElectrophysiological characterization of olfactory cell types
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pooled) to the various substances. The standard deviations of the averaged responses are
very large. To get insight into the variation of sensitivity of different cells we applied
hierarchical cluster analysis. This analysis identifies clusters of cells with similar
responses in the multidimensional odour space. For the hierarchical cluster analyses only
the chemicals applied to large numbers of cells and evoking mean responses with large
standard deviations (indicating large differences in responses between cells) were used:
1-octen-3-ol, amyl acetate, 3-methylphenol, 2-pentanone and R(+)limonene were chosen
for both the cluster analysis of antennal and of palpal cells. Figure 3 shows the relative
Euclidean distances of the last 25 agglomeration stages in the hierarchical cluster analyses
of the antennal and palpal olfactory cells. Each successive stage fuses two clusters that
are further apart, until the last two clusters, of which the dissimilarity is set at 100%,
combine to one cluster containing all cells.
For palpal cells, the rise in relative Euclidean distances during the agglomeration
process is rather steady, until it suddenly increases at the combination of the last four
clusters, suggesting 4 clearly separated homogenous clusters (Fig. 3). For antennal cells,
the agglomeration curve lies above the curve of the palps, indicating that the antennal
clusters are more dissimilar. Since no sudden increases occur, it is difficult to determine
the number of relatively homogenous clusters. When setting the division at half the
relative Euclidean scale, ten moderately separated antennal clusters remain. The clusters
indicate which combinations of odour sensitivities of olfactory neurones are most
commonly present.
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Figure 3. Relative Euclidean distances of the last 25 agglomeration stages in the hierarchical
cluster analyses on cells of the antenna and of the palp.Chapter 3
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Figure 4. Odour spectra of individual antennal cells (left) and the dendrogram (right) visualizing
the result of hierarchical cluster analysis based on the responses to 1-octen-3-ol, amyl acetate,
3-methylphenol, 2-pentanone and R-limonene. The horizontal line below the dendrogram
indicates increasing dissimilarity from left to right. Clusters having a dissimilarity larger than
50 on a scale of 100 % are indicated by the letters A - J. For clarity reasons the large cluster A
consisting of cells with relative low responses is omitted from the graph.Electrophysiological characterization of olfactory cell types
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Figure 5. Odour spectra of individual palpal cells (left) and the dendrogram (right) visualizing
the result of hierarchical cluster analysis based on the responses to 1-octen-3-ol, amyl acetate,
3-methylphenol, 2-pentanone and R-limonene. For details see Fig 4.
Figures 4 and 5 show the reactions of antennal and palpal olfactory cells,
respectively, sorted by the cluster analysis, yielding the dendrograms on the right. The
clusters with a dissimilarity higher than 50% are marked A-J and K-N. It is evident that
there is much more variation in responses between cells in the antennae than in the palps,
which is also shown by the longer Euclidean distances at the first agglomeration stages
in the hierarchical cluster analyses. The relative dissimilarity of antennal cells that first
agglomerate is on average 20%, whereas the mean dissimilarity of first agglomeration of
palpal cells is 14%.
The clusters are not sex-linked. Most clusters contain cells from both males andChapter 3
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females. Only the antennal cluster I consists of two female cells; and although male cells
dominate palpal cluster L, this cluster also contains a female cell.
Cluster distribution also does not appear to be related to the age of the flies. Cells
from newly emerged flies are present in all clusters except for the smaller ones, C, E, H
and M, which contain only two or four cells. Because in the antennae less cells from
newly emerged flies than from older flies were tested (80 vs 175), young cells belonging
to those clusters could easily have been missed.
The cells did not show a fixed spatial distribution according to their responses in
both the funiculi and palps in different flies. The cells of the various clusters were
randomly distributed over the funiculi or palps. At 60 sites on the antennae and 37 sites
on the palps, spikes of two or more olfactory cells could be distinguished. Table 3 shows
the clusters these cells belong to. In the antennae, combinations of cells of cluster A were
abundant and in the palps most combinations comprised cells of cluster K. Two other
combinations occurred frequently: in the antennae 9 times a combination of cells of
clusters A and G was found, and in the palps 12 times cells of clusters K and N occurred
together.
Table 3. Combinations of olfactory cell types recorded at individual sites. Each letter represents
a cell belonging to the cluster the letter stands for. Two (three, four) letters indicate that action
potentials from two (three, four) cells were observed in one recording. The number of
occurrences of each combination of cells is indicated.
Antenna Palp
AA 32 BG 2 KK 4
AAA 3 BH 1 KKK 9
AAAA 1 BJ 1 KKL 1
AB 1 CD 1 KKM 1
AC 1 DG 1 KKN 1
AD 2 DH 1 KL 2
AE 1 KLL 1
AF 2 KLN 1
AG 9 KN 12
AJ 1 LN 3
MN 2
In Figure 6 the odour spectra of the various antennal clusters are presented. ClusterElectrophysiological characterization of olfactory cell types
59
A consists of a large group of cells that are similar in that they show low responses to all
odours tested. Four odours induce significantly higher responses than the solvent:
1-octen-3-ol, amyl acetate, R-limonene and the M72 compound. Cells of cluster B only
respond significantly to 1-octen-3-ol. The responses of the cells of cluster C are relatively
high to most odours and significantly higher than those to the solvent for 1-octen-3-ol,
amyl acetate, 3-methylphenol, R-limonene, acetic acid, butyric acid, indole, skatole, the
Denka repellent and muscalure. Cluster D has significant responses to 1-octen-3-ol,
2-pentanone and R-limonene. Cluster E consists only of two cells, so statistical tests are
not allowed. Nevertheless, the very high response to 1-octen-3-ol is obvious. Significant
responses to 1-octen-3-ol, 3-methylphenol, Denka repellent, and muscalure characterize
cluster F. In cluster G, cells respond to amyl acetate, Denka repellent and M72.
Significantly higher responses than to the solvent are found for 1-octen-3-ol, amyl acetate
and R-limonene in cluster H. Cluster I has only two cells, so no statistics can be done. It
seems that this cluster is particularly sensitive to amyl acetate, 2-pentanone and the Denka
repellent. The last antennal cluster J responds significantly to the five odours used for
cluster analysis: 1-octen-3-ol, amyl acetate, 3-methylphenol, 2-pentanone and R-
limonene.
Figure 6. Response profiles of antennal clusters A - J. Significant differences of responses to
odours vs solvent are indicated by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Figure 6. Continued.
Figure 7 shows the odour spectra of the palpal clusters. The first palpal cluster, K,
consists of cells that are similar in showing rather low responses to all odours tested.
Amyl  acetate, 3-methylphenol, 2-pentanone and M72 induce significantly higher
responses than the control. In cluster L the cells highly respond to 2-pentanone and at a
lower level to M72. Cells of cluster M are very sensitive to 3-methylphenol only. The
responses of the cells of cluster N are also significant for 3-methylphenol, but on a lower
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Figure 7. Response profiles of palpal clusters K - N. Significant differences of responses to
odours vs. solvent are indicated by asterisks (See Fig. 6).
level than those of cluster M. Because 3-methylphenol and 2-pentanone elicit the largest
responses, we plotted for each cell the responses to these odours against each other
(Fig. 8). In this 2-dimensional odour space, the 4 clusters are clearly recognizable,
showing that the cluster analysis in the palps is mainly based on the responses to these
two odours.
When cluster analysis is performed on the combined population of antennal and
palpal olfactory cells, the palpal cells of cluster K are scattered amongst the cells of
cluster A of the antenna, both clusters being characterized by relatively low responses.
The other palpal clusters L, M and N still come out as separate clusters, showing that
these clusters are not comparable to any antennal cluster.
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Figure 8. Plot of the palpal cell responses to 2-pentanone versus their responses to
3-methylphenol. The clusters of palpal cells found by cluster analysis are already evident in this
2-dimensional odour space.
Discussion
The present study shows that spikes from housefly olfactory cells could be recorded over
the whole surface of the funiculi, but only on the ventral and distal parts of the palps. This
agrees with the distribution of olfactory hairs on the antennae and palps as was found in
morphological studies on Hydrotaea irritans (Been et al., 1988) and Musca domestica
(Chapter 2). The number of compounds stimulating antennal cells was considerably higher
(12) than that activating palpal cells (4).
In flies, the palps are only fully exposed when the proboscis is extended. In rest,
except for their tip, they are concealed in the proboscal cavity. It is therefore conceivable
that their function in discovering food or oviposition sites from a distance is of minor
importance. Long-range orientation to chemical sources is probably mainly mediated by
olfactory receptors on the antennae. Most palpal olfactory cells may be stimulated when
the fly, after arrival on the source, extends its proboscis to make contact between the
medium and its taste hairs on the labellum. The relatively high sensitivity of palpal cells
to 3-methylphenol and 2-pentanone could indicate that these substances have a function
in close-range olfactory testing of the substrate by the flies.
We did not find specific male or female odour spectra in Musca domestica. Both
sexes were sensitive to the same odours, although female cells showed higher responses
than male cells in antennal tests of amyl acetate, butyric acid, water and M72 and in
palpal tests of acetic acid. Differences in antennal olfactory sensitivity between sexes haveElectrophysiological characterization of olfactory cell types
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also been demonstrated in tsetse flies. In some tsetse species, the responses of females
were higher than those of males, whereas in other species the reverse was found (Den
Otter et al., 1991).
The responses of antennal olfactory cells did not differ between newly emerged
and mature flies. Antennal sensitivity did not decline with age, contrary to what is
commonly found in insects (Blaney et al., 1986; Den Otter et al., 1991; Ayer and Carlson,
1992). Although in the palps, the responses to amyl acetate were lower in newly emerged
flies than in older flies, those to 3-methylphenol and some other odours were higher in the
former than in the latter. Hence, it seems that in newly emerged flies the olfactory system
is already functional and tuned to the specific odour spectra of M. domestica, as cells of
newly emerged flies are present in most clusters.
Measurements were performed from 10 a.m. to 18 p.m. The responsiveness of
antennal cells to odours did not vary noticeably during this period. The same holds true
for the flies’ locomotor activity in this period of time (Smallegange, pers.comm.). Thus,
a daily modulation in locomotor activity and olfactory response level is absent, contrary
to what is found in some species of tsetse flies (Van der Goes van Naters et al., 1998). In
Drosophila melanogaster, EAG responses to ethyl acetate and benzaldehyde were
elevated during the middle of the night during 12:12 LD cycles (Krishnan et al., 1999).
As we did not perform electrophysiological studies in houseflies during the dark period,
we do not know if antennal sensitivity changes during the resting phase of houseflies.
The olfactory receptor cells in the antennae of the housefly show a large variation
of odour response profiles but multidimensional cluster analysis shows a moderate
clustering in olfactory response types. Such moderate clustering is also found in honeybee
workers, which also are capable of perceiving and discriminating many odours (Akers and
Getz, 1992). In the palps the clusters are clearly separated; still, some variation in
responses of cells within each cluster is present.
The cluster analyses were based upon reactions to five chemicals that elicited the
most variable responses (1-octen-3-ol, amyl acetate, 3-methylphenol, 2-pentanone and
R-limonene). Hence, including some of the other chemicals tested would not much change
the results of the cluster analysis. However, it cannot be excluded that different results
might have been obtained if more chemicals had been included in the experiments.
Each olfactory cell may express only one olfactory receptor that may respond to
several odours (Vosshall et al., 2000). The axons of all cells expressing the same olfactory
receptor gene are thought to converge on one specialized glomerulus in the antennal lobe
(Hildebrand, 1996; Gao et al, 2000; Vosshall et al, 2000). Because in the antennal lobes
of the housefly there are more than thirty glomeruli (Strausfeld, 1976), we may expect
more than thirty clusters in the housefly. Our cluster analysis suggested ten antennal andChapter 3
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four palpal clusters of cells with similar response profiles. But the largest clusters (clusters
A and K) consisted of cells that did not show large responses to the chemicals we tested,
and therefore may be tuned to other odours. These clusters may be divided into other
clusters that may be distinguished when testing appropriate stimuli.
So far, the cluster analyses suggest that only very few specialist cells, tuned to one
specific odour, are present. Most cells will contribute to discrimination of odour stimuli
by participating in an across-fibre patterning for odorant coding in the brain, as described
for other species (Hildebrand, 1996).
On the palps of houseflies 75 - 90 sensilla basiconica are present and these are
rather widely separated from each other (8 µm at the tip to 50 µm halfway the palp:
Chapter 2). Action potentials from a maximum of three cells could be recorded
simultaneously at one site on the palp. It is likely that these cells are located in the same
sensillum, as the electrode tip (<5 µm) is much smaller than the distance between sensilla.
The cells within one sensillum can belong to different clusters (Table 3). Hence, cells
associated with one and the same sensillum may possess different molecular receptor
sites. In Drosophila palps, the olfactory neurons separate in 6 clusters and are housed in
stereotyped pairs within three sensillum types (De Bruyne et al., 1999). In contrast to this,
in housefly palpal sensilla a cell of a certain cluster is not restricted to be stereotypically
paired with another cell of a determined cluster. Cells of cluster K and N can be paired
with cells of all other palpal clusters (Table 3). On the antennal surface, sensilla of
different types (sensilla trichodea, sensilla basiconica, grooved pegs) are very densely
packed. Therefore, using the surface-contact technique, it is not possible to decide if cells,
simultaneously recorded from, are located in one sensillum or in different sensilla.
Acetic acid, butyric acid, indole and skatole are described as attractive substances
for houseflies (Frishman and Matthysse, 1966; Mulla et al., 1977). However, we found
rather low reactions to these chemicals in the concentration tested. In addition, the sex
pheromone muscalure, a component of the cuticular wax of female flies, is said to attract
male houseflies (Carlson et al., 1971; Carlson and Beroza, 1973; Uebel et al., 1976). Male
flies only respond when they are in close vicinity of a female. This may be due to the low
volatility of muscalure. We used a muscalure dose which was a hundred times higher than
the dose of the other substances, and still found significant responses in two clusters only.
This suggests that responses of only a few cells are needed to trigger a behavioural
response. On the other hand it is generally believed that a high number of cells responding
to a compound indicates biological importance for the animal. R-limonene and amyl
acetate are described to be behaviourally active (Brown et al., 1961; Frishman and
Matthysse, 1966). We found that these compounds evoke responses in 5 and 6 clusters
respectively. 1-octen-3-ol also seems an important odour, as it induces high reactions inElectrophysiological characterization of olfactory cell types
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most (8 out of 10) of the antennal clusters. An attractive function of 1-octen-3-ol in
houseflies can be expected, since 1-octen-3-ol is a very important attractant in several
Diptera (Hall et al., 1984; Van der Goes van Naters et al., 1996; French and Kline, 1989;
Mihok et al., 1995). Behavioural studies have to be done to prove whether this substance
is indeed attractive to houseflies.
We conclude that the majority of olfactory cells are generalists, belonging to
several clusters. Few specialist cells are present and these do not specifically respond to
the housefly sex pheromone muscalure in both males and females. Therefore, in searching
for attractants, one does not have to record from specialized pheromone sensilla at a
specific position on the antenna. Presumably, an attactive odour for houseflies may consist
of several, general food odours, detected by generalist cells all over the antennal and
palpal surface.
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Chapter 4
Effect of age and sex on the sensitivity of antennal
and palpal olfactory cells of houseflies
Summary
The olfactory system of newly emerged houseflies is already functional; very few
differences compared to sexually mature flies exist for the responses to 1-octen-3-ol,
amylacetate, 2-pentanone, 3-methylphenol, R-limonene, muscalure and an attractive
compound coded M72. Sex differences are also almost absent, except for a higher
sensitivity of females to acetic acid. Large differences between the sensitivity of antennae
and palps to different odours exist. Antennae are sensitive to all odours tested. Palps are
mainly sensitive to 3-methylphenol and 2-pentanone, both in percentage of responding
cells and in response level. The sensitivity to amyl acetate was comparable in palps and
antennae. The responses to other odours were low in the palps.Chapter 4
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Introduction
Houseflies, Musca domestica L. are cosmopolitan in distribution. They are not only a
nuisance by their presence, but they may also be vectors of diseases, such as dysentery,
gasteroenteritis, cholera and tuberculosis (Grübel et al., 1997; Tan et al., 1997). In order
to control them, olfactory and visual cues may be used to attract flies and catch them in
traps. Ideally, all individuals of a housefly population should respond to the stimuli for
the traps to be optimally effective. An attractive source is UV light (Syms and Goodman,
1987; Roberts et al., 1992), which appears to be equally attractive for both male and
female houseflies. However, young flies (<3 days) are hardly or not attracted to light
(Smallegange, pers. comm.). Houseflies become sexually mature after 2 days (Adams and
Hintz, 1969; Dillwith et al., 1983), so using UV light as the only attractive source of a
trap would give houseflies the opportunity to mate and multiply before the trap becomes
effective. Hence, the efficiency of reducing fly populations with a UV-trap is limited.
A possibility to improve fly catches is offered by combining UV-traps with
attractive odours. Attracting flies or repelling flies with odours are both methods for
control (Frishman and Matthysse, 1966; Mulla et al., 1977). The aim of this paper is to
further investigate the possibility of using odour to control houseflies. In Chapter 3 we
recorded the responses of antennal and palpal olfactory cells to vapours of a variety of
substances, using one dose of each substance. The responses to some substances
(1-octen-3-ol, amyl acetate, 3-methylphenol, 2-pentanone, R-limonene) were high,
whereas rather low responses were found to several other compounds that are reported to
be attractive (acetic acid, skatole, muscalure). A reason for the low responses could be
that inadequate odour concentrations were applied. Therefore, in this chapter we measure
the responses to a range of doses. Furthermore we measure the concentrations of the
substances in the air, resulting from each dose of odour, which depend on the volatility
of the chemicals, and used those in the dose-response graphs. We investigate whether
differences exist in the responsiveness of antennal and palpal olfactory cells of sexually
immature and mature flies to determine if odours could be used to attract both young and
mature flies of both sexes.
Materials and Methods
Insects. Pupae of the WHO strain Ij2 Musca domestica were obtained from the Danish
Pest Infestation Laboratory (Lyngby, Denmark). Cultures of the strain were kept in the
laboratory at 25°C and 75% RH. Larvae were reared in an aquous jelly of agar, yeast andEffect of age and sex on olfactory sensitivity
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skim milk powder (1:5:5 by weight), and allowed to pupate in wood curls on top of the
jelly. Flies were fed a mixture of milk powder, sugar and autolysed yeast (5:5:1) and had
access tot tap water. Experimental flies were less than 24 hours (newly emerged) and 4-28
days old (mature).
Electrophysiology. An intact fly was immobilized in a plastic pipette, with its head
protruding from the tip, so that its antennae were accessible for recording (Den Otter et
al., 1988). For recording from palpal receptor cells, the tip of the pipette was softened by
heating and shaped to a platform. After cooling down two-sided adhesive tape was fixed
onto the platform. Then, the proboscis of the fly was extended and fixed on the adhesive
tape. Recordings were made using the surface-contact technique (Den Otter et al., 1980).
Glass micropipette/Ag-AgCl electrodes filled with Beadle-Ephrussi saline were used. For
recordings from an antenna or a palp, the tip (>50 µm) of the indifferent glass electrode
was inserted into the head of the fly or into the proboscis between the palps, respectively.
By gently pressing the tip of the recording electrode (<5 µm) against the cuticle of the
funiculus or palp, spikes from individual receptor cells could be recorded. When contact
with a receptor cell was made, the preparation was left for 5 minutes before starting an
experiment. The locations of the sites recorded from were noted on rough maps of the
funiculi or palps.
The electrodes were connected to a high-impedance amplifier (Syntech, Hilversum,
The Netherlands), the output of which was displayed on an oscilloscope, made audible
via a speaker and stored on tape with a DAT-recorder.
Stimuli. Chemicals used to prepare stimuli were 1-octen-3-ol, amylacetate,
3-methylphenol, 2-pentanone, acetic acid, skatole (Fluka), R-limonene, muscalure
(Denka) and a compound, coded M72, provided by Denka. Acetic acid was dissolved in
water, the other chemicals were dissolved in silicon oil. 0.4 g/ml solutions and 5 or 7
decadic dilutions of these were made. Skatole appeared to be insoluble at concentrations
of 0.4 and 0.04 g/ml. Therefore, a solution of 0.004 g/ml and 4 decadic dilutions were
prepared of this substance. Aliquots of 25 µl of each solution were pipetted onto a
6x35 mm
2 filter paper in a Pasteur pipette. The pipettes served as odour cartridges and
thus contained 0.01, 0.1, 1, 10 or 100 µg skatole, and 0.001, 0.01, 0.1, 1 or 10 mg of the
other chemicals. Two additional doses of 0.01 and 0.1 µg were prepared of 1-octen-3-ol
and 3-methylphenol.
A constant flow (0.5 m/s) of charcoal-filtered, humidified air was passed over the
antennae through a stainless steel tube (i.d. 7 mm), the outlet of which was about 5 mm
from the preparation. For odour stimulation, 2 ml vapour from an odour-loaded pipetteChapter 4
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was blown in 0.2 s into the airstream through an aperture (3 mm diameter) in the tube,
8 cm from its outlet. The flow over the antennae was maintained at 0.5 m/s by a stimulus
controller (Syntech). The concentrations of the vapours in the odour cartridges were
determined with a Shimadzu GC-17A gas chromatograph (GC), when possible. The
resulting concentration in the air blowing out of the steel tube was calculated and used in
the graphs. Odours were presented in random sequence but in ascending concentration at
intervals of 30 or more seconds. In most cases recordings were made from only one
antennal or palpal site, but sometimes more sites were tested to a maximum of four.
Sometimes contact with the olfactory cells was lost before all odours were tested and then
only the responses to dose-response series that were completed were analysed. From some
cells only dose-response series of a few odours could be obtained. Cells that did not
respond to any of the odours presented were disregarded.
Analysis. The action potentials were analyzed using the software package Autospike
TM
(Syntech). Spikes from different cells were distinguished by their amplitudes. The
response magnitude was calculated from the maximum number of spikes in a sliding 0.1 s
period of the response, and expressed as spikes/second. The mean non-stimulated activity
(spikes/s) during the 3 seconds prior to the beginning of the stimulation was determined
and subtracted. When a cell was inhibited, the response (in spikes/s) was calculated from
the longest interval between two spikes and the pre-stimulation activity was subtracted.
A cell was said to respond to a chemical in a dose-dependent manner when the
response to at least the two higher doses was higher than to the lower doses.
Because the dose response curves showed different shapes and different maximal
responses, which sometimes were not reached, we could not calculate and compare the
doses at which a half maximal response was obtained (the effective dose 50%, ED50).
Therefore we compared the curves with Repeated Measurements ANOVA.
Results
Spike activities of 190 antennal and 116 palpal cells were recorded. Two cells did not
respond to any of the chemicals tested and were disregarded. The other cells responded
in a dose-dependent manner to one to seven of the chemicals tested. Table 1 shows the
percentage of cells from each group tested (antennal or palpal, male or female, newly
emerged or mature) that did respond to the different odours presented.
The percentages of cells responding to 1-octen-3-ol and R-limonene were
significantly higher in the antenna than in the palp (χ
2, p < 0.05). In contrast to this, theEffect of age and sex on olfactory sensitivity
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Table 1. Percentages of antennal and palpal cells responding dose-dependently to the odours
tested. On the average 23 cells were used to make dose-response tests for each odour in each
situation. Three-letter code indicates the situation of the cells tested: A = antenna, P = palp,
o = old (mature), y = young (newly emerged), m = male, f = female. 1o3: 1-octen-3-ol,
AA: amyl acetate, 3MP: 3-methylphenol, Pent: 2-pentanone, Rlm: R-limonene, M72: Denka-
compound, Mus: muscalure, Sk: skatol, Az: acetic acid, nAz: acetic acid (cells that were inhibited
by the highest dose).
1o3 AA 3MP Pent Rlm M72 Mus Sk Az nAz
A o m 3 45 61 52 25 03 11 7 81 1 1 1
A o f 5 36 83 15 64 08 22 5 3 6 1 7 2 9
A y m 5 44 15 31 44 74 52 9 -- -
A y f 4 63 92 21 93 24 81 0 -- -
P o m 2 16 05 95 83 8- --- -
P o f 2 67 46 74 33 2- --- -
P y m 2 94 26 34 21 40
 1 ----
Pyf 6 13 78 38 18 50 
2 ----
1 only 3 cells tested. 
2 only 2 cells tested. - : substances not tested.
percentages of cells responding to 3-methylphenol and 2-pentanone were significantly
lower in the antenna than in the palp. No significant differences between antenna and palp
were found for the number of cells responding to amyl acetate. Very few cells of the palps
responded significantly to the other chemicals, as was shown in Chapter 3.
A significantly higher percentage of cells in mature flies compared to newly
emerged flies responded to amyl acetate in both the antennae and the palps (χ
2, p<0.001).
No differences were found in the number of cells responding to the other odours between
males and females and between flies of different age.
Figure 1 shows the dose-response curves of both antennal and palpal cells. The
responses to 1-octen-3-ol and R-limonene of antennal cells are significantly higher than
those of palpal cells (Repeated Measurements ANOVA, p < 0.01; F(1, 72) = 5.8 and
F(1, 58) = 8.4). However, antennal cells are less responsive to 3-methylphenol and
2-pentanone than palpal cells (p < 0.01; F(1, 88) = 13.7 and F(1, 65) = 40.7). No
significant differences are found between the responsiveness of antennal and palpal cells
to amyl acetate. Only one palpal cell was found that was sensitive to the Denka-compound
M72. Its dose-response curve was lower than that of antennal cells.Chapter 4
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Figure 1. Averaged dose-response curves of antennal and palpal olfactory cells of newly
emerged (young) males and females and mature (old) males and females obtained on stimulation
with A) 1-octen-3-ol, B) R-limonene, C) 3-methylphenol, D) 2-pentanone, E) amyl acetate and
F) the Denka-compound M72. n: number of cells tested. Standard deviations are omitted for
clarity reasons.
As to the responses of mature flies compared to those of newly emerged flies, it
appeared that both antennal and palpal cells of mature males and females are more
sensitive to amyl acetate than those of newly emerged flies (p < 0.01; F(1, 109) = 8.7). InEffect of age and sex on olfactory sensitivity
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Figure 2. Averaged dose-response curves of antennal olfactory cells of A) newly emerged and
mature males and females to muscalure, B) mature males and females to skatole and C) mature
males and females to acetic acid (see Fig. 1 for details). Cells that responded with inhibition to
acetic acid are plotted separately (dashed curves). n: number of cells tested.
addition, R-limonene evokes higher responses in palpal cells of mature flies than in palpal
cells of newly emerged flies (p = 0.05; F(1, 16) = 4.5), whereas antennal cells of mature
flies are less sensitive to 2-pentanone than antennal cells of newly emerged flies (p < 0.05;
F(1,22) = 6.4). No further differences between the responses of “mature” and “young”
cells are observed.
No significant sex differences are found in the sensitivity to these odours. Only the
shape of the curves to 2-pentanone of antennal male cells deviates significantly from the
curve of antennal female cells (Repeated Measurements ANOVA vs dose, p < 0.001;
F(8, 22) = 11.6). The male curve increases slowly with dose until a sudden sharp increase
in response frequency occurs at the highest dose. The female curve increases more
gradually.
Figure 2 shows the dose-response curves of antennal cells to muscalure, skatole and acetic
acid. Few palpal cells did respond to these substances (Chapter 3). Very fewChapter 4
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Figure 3. Examples of responses from different cells to a puff of vapour from an odour cartridge
containing 10 mg of acetic acid. A) short burst, B) phasic-tonic response, continuing firing far
beyond the stimulus period, C) inhibition, after which spontaneous spike activity resumes, D)
inhibition and long lasting after-discharge of spike activity. Horizontal line above recordings
indicates the duration of the stimulus.
cells were found which showed a response to muscalure. It can be seen that the muscalure
curve of newly emerged males and, at high doses, of mature males is lying above the
curves of the females, but these differences are not significant. No significant sex
differences are found for the responses to skatole. However, the excitatory responses to
acetic acid of female cells are significantly higher than those of male cells (p < 0.05;
F(1, 5) = 10.3). Cells that were inhibited by the highest dose of acetic acid are shown
separately. The lower doses of this substance did not elicit significant responses in these
cells, which suggests that the high-dose inhibition may be a non-physiological effect of
the acid. Figure 3 shows some examples of excitatory and inhibitory responses to acetic
acid.
Discussion
In both newly emerged and mature flies cells were found that responded to the odours
tested. This proves that the olfactory system of newly emerged houseflies is already
functional. Cells of both sexes responded equally high to most odours tested; only a few
antennal cells of females evoked higher responses to acetic acid than those of males. SomeEffect of age and sex on olfactory sensitivity
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odours are attractive (amyl acetate, 3-methylphenol, skatole, acetic acid (Frishman and
Matthysse, 1966; Mulla et al., 1977) and possibly 1-octen-3-ol and 2-pentanone), and thus
they may be used to catch flies of both sexes and all ages in traps. R-limonene may be
repellent (Denka, pers. comm.) to flies of both sexes and all ages.
Some clear differences are found between the sensitivity of the olfactory cells in
antennae and those in palps. More antennal cells are sensitive to 1-octen-3-ol and
R-limonene and, in addition, these cells show higher responses to these substances than
palpal cells. On the other hand, palps contain higher percentages of cells responsive to
3-methylphenol and 2-pentanone, which are more sensitive to these substances than
antennal cells. For amyl acetate no difference in either percentage of responding cells as
well as in sensitivity of these cells is found.
The palps are mostly hidden in the proboscal cavity and only fully exposed to the
air when the proboscis is extended during tasting and feeding of the fly. Hence, as the
antennae are sensitive to a broad spectrum of odours, and the number of sensilla on the
antennae highly exceeds the number of sensilla on the palps, one may assume that the
antennae are predominantly used for olfactory orientation at a distance.
A lower sensitivity of the palps with respect to the antennae was found in
Drosophila (Ayer and Carlson, 1992) by comparing electropalpogram (EPG) and
electroantennogram (EAG) responses to the same odours. In ablation experiments, Charro
and Alcorta (1994) showed that in Drosophila the palps could maintain a minor sensitivity
to odours in antenna-less flies. On removing the palps and leaving the antennae intact,
small changes in behavioural responses were only found on stimulation with high
concentrations of odours.
The high sensitivity of palpal cells to 3-methylphenol, 2-pentanone and also amyl
acetate in houseflies suggests that these substances may be important components for the
fly to further examine its food, using the palps.
The olfactory system of newly emerged flies is already functional, and only small
adjustments take place during maturation of houseflies. The dose-response curves show
that newly emerged flies are less sensitive to amyl acetate and R-limonene than mature
flies, as was also found in Chapter 3. However, a clear dose-dependent sensitivity of the
cells of newly emerged flies is present, indicating that they are already able to determine
the concentration of these substances. In contrast, the responses of the antennae of newly
emerged flies to 2-pentanone are even higher than those of mature flies (Kelling and Den
Otter, 1998).
In various insect species, chemoreceptor sensitivity changes during lifetime. The
lactic acid receptors of Anopheles aegypti females are inactive during the first 24 hours,
and sensitivity increases in the course of some days after which feeding may begin (Davis,Chapter 4
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1984). Houseflies start to feed already on the day of emergence and thus sensitivity to
food odours seems to be immediately necessary. The development of sensitivity during
maturation for a specific oviposition substrate in female houseflies is not adequate since
they oviposit in the same substance as where they feed on. Decreasing EAG responses
with age were found in tsetse flies (Den Otter et al., 1991), which could be explained
either by a decreasing sensitivity of the olfactory cells, or by a decreasing number of
operative sensilla, as was found for labellar taste hairs in Phormia regina (Rees, 1970).
In our study, we searched for functional, spike-producing cells. Inoperative sensilla were
not recognized, and thus we cannot determine if an increasing loss of functional sensilla
with age takes place. The sensitivity to most odours did not decline during lifetime (see
Chapter 3), and humoral or neural control mechanisms influencing chemoreceptor
sensitivity with age, found in other insects, as summarized by Blaney et al. (1986), does
not seem to be applicable to houseflies.
Significant sex differences are only found for acetic acid, the responses of females
being higher than those of males, and 2-pentanone, for which a different shape of dose-
response curve is found. The function of these sex differences is unknown. 2-pentanone
occurs in rotting fruits and acetic acid is present in many food sources both sexes of
houseflies feed on. In other insects in which males and females have the same food
preferences, sexual dimorphism of the olfactory system was also demonstrated. In some
tsetse species, the responses of females to host odours were higher than those of males,
whereas in other tsetse species, males were more sensitive than females (Den Otter et al.,
1991).
It is remarkable that the responses to muscalure are so low. Muscalure is thought
to be a female sex pheromone, attracting male houseflies (Carlson et al. 1971; Rogoff et
al. 1973, 1980; Uebel et al. 1976). The volatility of muscalure is so low that we could not
determine the concentration in air of any of the doses used by gas chromatography. These
low concentrations could explain the low olfactory responses we found. Low
concentrations and, thus, low olfactory responses to muscalure may also be expected in
nature. Nevertheless, behavioural responses of houseflies to muscalure are found, male
flies performing mating strikes and copulation attempts from a distance of a few
centimeters to a female or to a “pseudofly” impregnated with female extract or muscalure
(Rogoff et al., 1964; Colwell and Shorey, 1975). One may assume that reception of
muscalure as a contact-sexpheromone by taste may be more sensitive than its olfactory
reception. This has to be tested. The olfactory response of males to muscalure tends to be
higher (although not significant) than that of females. This correlates with the sex
differences found in olfactometer studies, where females were not attracted to the sex
pheromone (Rogoff et al., 1964). However, in field evaluations of fly traps muscalureEffect of age and sex on olfactory sensitivity
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lured both males and females and was called to be an aggregation pheromone (Carlson
and Beroza, 1973; Chapman et al., 1998).
Skatole is very attractive to houseflies (Brown et al., 1961; Frishman and
Matthysse, 1966). When comparing the responses to the higher two concentrations of
skatole with the responses to other odours at similar arial concentrations, the responses
to skatole are rather high. The responses to most other odours further increase at higher
concentrations, but because of the low solvability of skatole in silicon oil we could not
test higher concentrations of this substance.
When planning to trap houseflies, the use of odours could enhance the catches and
reduce fly population more effectively than UV-light traps alone, because young flies, that
do not respond to attractive light sources might be attracted by the odours and be caught
before reproduction has taken place.
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Chapter 5
Background odour induces slight adaptation and
sensitization of olfactory receptors in the antennae of
Musca domestica L.
Summary
The presence of background odour affects the sensitivity of the antennal olfactory system
of houseflies to new pulses of odour only to a small extent. We show that cross-adaptation
and cross-potentiation between a background odour of 1-octen-3-ol and pulses of
1-octen-3-ol, 2-pentanone and R-limonene can occur, confirming that olfactory receptor
cells are sensitive to different odours. Background odour can increase the responses to low
concentration odour pulses and decrease the responses to higher concentration odour
pulses. It is suggested that background odour has a larger effect on olfactory receptor cells
that respond with a tonic increase of spike frequency, giving information about the level
of odour concentration, i.e. the “static” environment. Cells that respond in a phasic way
only provide information on the dynamics of the olfactory environment.Chapter 5
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Introduction
The housefly, Musca domestica, is one of the most familiar nuisance pests of human and
livestock habitations and constitutes a major problem in a variety of industries, such as
cattle and poultry farms and food processing industries (Hansens, 1963). Flying between
various food sources, houseflies may be vectors of many diseases such as dysentery,
gasteroenteritis, cholera and tuberculosis (Grübel et al., 1997; Tan et al., 1997).
Therefore, methods are developed to control housefly populations. Some methods of
control are based on olfactory cues, luring houseflies into traps with attractive odours, or
repelling them with unpleasant odours. To identify chemical substances that can be used
as baits or repellents for houseflies, several behavioural and electrophysiological studies
have been done (Richardson and Richardson, 1922; Wieting and Hoskins, 1939; Dethier
et al., 1952; Frishman and Matthysse, 1966; Mulla et al., 1977; Warnes and Finlayson,
1986; Cossé and Baker, 1996). Most of these studies were performed in the laboratory in
which test chemicals were added to clean air to observe the responses of the flies to these
chemicals. However, in nature, air is always loaded with some ambient background odour.
For attractants or repellents to be effective, the flies have to be able to distinguish these
chemicals from the ambient odours.
In this study we investigate the influence of ambient odours on the
electrophysiological responses to some attractive and repellent odours. We compare the
sensitivities of antennal olfactory cells to odours added to clean air and applied in the
presence of either a synthetic (1-octen-3-ol) or a natural background odour (chicken
manure). We recorded electroantennograms (EAGs) and spike responses of individual
antennal cells on stimulation with 1-octen-3-ol, 2-pentanone and R-limonene.
1-Octen-3-ol is known to be an attractant for several dipteran species (Hall et al., 1984)
and R-limonene appeared to be repellent to houseflies (dr. Moskal, Denka International,
pers. comm.). 2-Pentanone was found to be electrophysiologically active in previous
studies (Chapters 3, 4).
Materials and Methods
Insects. Pupae of a Musca domestica WHO strain Ij2 were obtained from the Danish Pest
Infestation Laboratory (Lyngby, Denmark). Cultures of the strain were kept in the
laboratory at 25°C and 75% RH. Larvae were reared in an aquous jelly of agar, yeast and
skim milk powder (1:5:5 by weight), and allowed to pupate in wood curls on top of the
jelly. Flies were fed a mixture of milk powder, sugar and autolysed yeast (5:5:1 byEffect of background odour on olfactory sensitivity
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weight) and had access tot tap water. Experimental flies were 4-20 days old (mature).
Electrophysiology. An intact fly was immobilized in a plastic pipette, with its head
protruding from the tip, so that its antennae were accessible for recording (Den Otter et
al., 1988). Glass micropipette/Ag-AgCl electrodes filled with Beadle-Ephrussi saline were
used. For both electro-antennogram (EAG) and single cell (SC) recordings the tip
(ca. 25 µm) of the indifferent glass electrode was inserted into the head of the fly between
the eyes, near the base of the antennae. EAG recordings were made by placing the tip
(25-100 µm) of a recording electrode over the distal end of the antenna. Single cell
recordings were obtained using the surface-contact technique (Den Otter et al., 1980). By
gently pressing the tip of the recording electrode (< 5 µm) against the cuticle of the
funiculus, spikes from individual receptor cells could be recorded. When electrical contact
with the antenna was made, the preparation was left for 5 minutes before starting an
experiment.
The electrodes were connected to a high-impedance AC/DC amplifier (Syntech,
Hilversum, The Netherlands). The EAG-signal was directly fed into a computer. The
SC-signal was displayed on an oscilloscope, made audible via a speaker and stored on
tape with a DAT-recorder for later analysis.
Stimuli. Chemicals used to prepare test stimuli were obtained from Fluka (1-octen-3-ol,
2-pentanone, >98%) and Denka (R-limonene, >98%). The chemicals were dissolved in
silicon oil, 0.4 g/ml solutions and 4 decadic dilutions were made. Aliquots of 25 µl of
each solution were pipetted onto a 6x35 mm
2 filter paper in a Pasteur pipette. The pipettes
served as odour cartridges and thus contained 0.001, 0.01, 0.1, 1 or 10 mg of the
chemicals.
A constant flow (3 ml/s: A) of charcoal-filtered, humidified air was led through a
clean empty bottle or through a bottle with the background odour source. The latter bottle
contained 5 g fresh chicken manure, or a filter paper loaded with 250 µl silicon oil
containing 1, 10 or 100 mg 1-octen-3-ol, or loaded with 1250 µl (1000 mg) pure
1-octen-3-ol. This clean or background odour-loaded air was added to an airstream
(10 ml/s: B) continuously passing over the antennae through a stainless steel tube (i.d. 7
mm), the outlet of which was about 5 mm from the preparation. Stimulation with test
odour occurred by injecting, in 0.2 s, 2 ml vapour (10 ml/s: C) from an odour-loaded
pipette into the airstream through an aperture (3 mm diameter) in the tube, 8 cm from its
outlet. The complementary airstream (B) was switched off during the stimulus by a
stimulus controller (Syntech) to maintain the total flow over the antennae at 13 ml/s.
Concentrations of the background odour  in the bottles and the test stimuli in the odourChapter 5
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cartridges were determined using a Shimazu GC-7A gas chromatograph, and the resulting
diluted concentrations in the air at the site of the antennae were calculated. Odours were
presented at 60 s intervals in random sequence, in (1) clean air, (2) background odour-
loaded air and (3) again in clean air. Between (1) and (2) the preparation was flushed with
background odour for at least 15 min and between (2) and (3) with clean air for at least
15 min.
Analysis. EAGs were analysed using the software package EAG V2.6c (Syntech). To
compare the EAG-responses of different experiments, the EAG amplitudes were
normalized. First, the responses were calculated as a fraction of the mean response to 10
mg 1-octen-3-ol of each experiment; then, this fraction was multiplied by the mean EAG-
response (in mV) to 10 mg 1-octen-3-ol of all experiments.
Figure 1. EAG dose-response curves of 1-octen-3-ol when flushed with clean air (‘before’), with
background 1-octen-3-ol odour (‘test’) and again with clean air (‘after’). The concentrations of
background 1-octen-3-ol are indicated in each graph. Error bars represent SEM. Significant
differences (p < 0.05) between responses during background odour and clean air ‘before’ (*)
and ‘after’ (#) are indicated.
The action potentials were analyzed using the software package Autospike
TMEffect of background odour on olfactory sensitivity
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(Syntech). Spikes from different cells were distinguished by their amplitudes. It was
uncertain at what moment the bulk of the stimulus reached the recording site after
injection. Therefore, the response magnitude was calculated from the maximum number
of spikes in a sliding 0.1 s period of the response, and expressed as spikes/s. The mean
non-stimulated activity (spikes/s) during the 3 s prior to the beginning of the stimulation
was determined and subtracted.
Only cells that responded to the test odours in a dose-dependent manner were used
for further analysis. A cell was considered to respond in a dose-dependent manner when
the responses to at least the higher two doses of a chemical were higher than the responses
to the lower doses applied.
Results
Figures 1, 2 and 3 show the EAG dose-response series of the three test odours when
applied in clean air and in four different background concentrations of 1-octen-3-ol. For
Figure 2. Dose-response curves of 2-pentanone when flushed with clean air (‘before’), with
background 1-octen-3-ol odour (‘test’) and again with clean air (‘after’). See Fig. 1 for details.
a quick screening of the effect of a background odour on the sensitivity of the antennalChapter 5
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olfactory system, Repeated Measurements ANOVA tests were performed. No significant
effects of the two lower background concentrations of 2.2⋅10
-8 and 9.5⋅10
-8 M 1-octen-3-ol
were found. In both absence and presence of these concentrations the responses to the test
odours were the same (Figs 1, 2, 3A, B). When, however, background concentrations of
1.7⋅10
-7 and 2.4⋅10
-7 M 1-octen-3-ol were present, the shape of the dose-response curves
differed significantly from those in clean air. Repeated Measurements ANOVA showed
significant interactions of dose with presence or absence of 1.7⋅10
-7 M 1-octen-3-ol
background odour for 1-octen-3-ol (p = 0.008, F(8, 10) = 2.9) and for 2-pentanone
(p = 0.001, F(8, 10) = 4.0) and with presence or absence of 2.4⋅10
-7 M 1-octen-3-ol
background odour for 1-octen-3-ol (p < 0.001, F(8, 6) = 5.6) and for R-limonene
(p = 0.014, F(8, 6) = 2.9). Therefore we considered the effects of these background
concentrations in more detail.
A background concentration of 1.7⋅10
-7 M 1-octen-3-ol (Figs 1, 2, 3C) increased
the responses to the lower two or three concentrations of 1-octen-3-ol and R-limonene
Figure 3. Dose-response curves of R-limonene when flushed with clean air (‘before’), with
background 1-octen-3-ol odour (‘test’) and again with clean air (‘after’). See Fig. 1 for details.Effect of background odour on olfactory sensitivity
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Figure 4. Example of a spike response to manure. Horizontal bar indicates the duration of the
stimulus (0.5 s).
compared to the responses in clean air. In contrast to this, the background concentration
decreased the responses to the higher concentrations of 1-octen-3-ol and 2-pentanone.
After having switched back to clean air in the ambient, some recovery could be seen, the
responses to the test substances becoming higher again. Interestingly, 1.7⋅10
-7 M
background 1-octen-3-ol did not inhibit the responses to the higher concentrations of
R-limonene.
Flushing the preparation with a 2.4⋅10
-7 M 1-octen-3-ol background concentration
decreased the EAG responses to the higher two concentrations of 1-octen-3-ol and the
highest concentration R-limonene (Figs 1, 2, 3D). After switching back to clean air, no
significant recovery of the EAG responses occurred.
In the single cell experiments we only tested the effects of the two intermediate
concentrations of background 1-octen-3-ol: 9.5⋅10
-8 M and 1.7⋅10
-7 M. In addition, we
used the odour of chicken manure as a natural background odour. This odour had been
proven to evoke responses in antennal cells (Fig. 4).
It appeared that on application of background 1-octen-3-ol two different types of
single cell responses could be observed: some cells showed a short phasic, others a
sustained tonic increase of spike activity (Fig. 5A, B). In the latter cells, spike activity
returned to the initial level after switching back to clean air (Fig. 5C). No changes in spike
frequency were observed in phasic cells while switching back to clean air. Some cells
responding to 1-octen-3-ol also responded to the test substances 2-pentanone and
R-limonene. Some cells were only sensitive to 1-octen-3-ol and 2-pentanone, others to
1-octen-3-ol and R-limonene, and some cells responded to 1-octen-3-ol only.
Six cells showed a tonic response and 2 cells a phasic response during continuous
stimulation with 9.5⋅10
-8 M 1-octen-3-ol background odour. The initial non-stimulated
activity of all 8 cells did not differ (tonic: 9.0 ± 6.6 spikes/s; phasic: 9.1 ± 0.7 spikes/s,
Table 1). During the presence of the background odour, the spike frequency of the tonic
cells increased significantly to 20.1 ± 9.0 spikes/s (p = 0.03, Paired Wilcoxon test),Chapter 5
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Figure 5. Examples of 50 s spike activity during onset and offset of background odour.
Horizontal bars indicate the presence of background odour. Each column in the lower graphs
shows the number of spikes in the corresponding second. A) Cell responding with a short phasic
response to the onset of 1.7 x 10
-7 M 1-octen-3-ol. B) Cell responding to the onset of 9.5 x 10
-8
M 1-octen-3-ol with a tonic response, that lasted all the time (0.5 hr) background odour was
present, after which, C) the spike frequency returned to the initial level.Effect of background odour on olfactory sensitivity
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Figure 6. Single cell measured dose-response curves of 1-octen-3-ol (A, B), 2-pentanone (C, D)
and R-limonene (E, F) when flushed with clean air (‘before’), with background 1-octen-3-ol
odour (‘test’) and again with clean air (‘after’). See Fig. 1 for details.
whereas the spike frequency of the phasic cells stayed at 7.3 ± 4.8 spikes/s after a short
burst at the onset of the background odour.
On continuous application of 1.7⋅10
-7 M 1-octen-3-ol or the odour of chicken
manure as background odour, no tonic responses were observed: all cells tested showed
a phasic response to these odours, after which the spike frequencies returned to initial
values (Table 1).Chapter 5
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Table 1. Average spike frequencies ± STD (spikes/s) of tonically and phasically responding cells
in clean air (‘before’), during background odour (‘during’), and after switching off the
background odour, again in clean air (‘after’). 1o3 = 1-octen-3-ol. The number of cells tested
is indicated between brackets.
Background odour before during after
9.5⋅10
-8 M 1o3
tonic cells (6)
phasic cells (2)
9.0 ± 6.6
*
9.1 ± 0.7
20.1 ± 9.0
*
7.3 ± 4.8
14.3 ± 9.2
7.4 ± 3.9
1.7⋅10
-7 M 1o3
phasic cells (8) 11.6 ± 6.5 8.9 ± 6.5 9.0 ± 7.4
5 g manure
phasic cells (12) 8.8 ± 8.0 8.8 ± 6.8 8.4 ± 6.7
* indicates a significant difference (P = 0.031, paired Wilcoxon test).
Figure 7. Dose-response curves of 1-octen-3-ol (A), 2-pentanone (B) and R-limonene (C) when
flushed with clean air (‘before’), the odour of 5 g chicken manure (‘test’) and again with clean
air (‘after’). See Fig. 1 for details.Effect of background odour on olfactory sensitivity
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The 9.5⋅10
-8 M 1-octen-3-ol background odour affected the responses of the two
phasic cells to the test 1-octen-3-ol in a comparable way as the six tonic cells: by lowering
the responses of the cells to the higher two test doses of 1-octen-3-ol compared to the
responses in clean air. The two phasic cells did not respond to 2-pentanone or R-
limonene. Figure 6 shows the responses of the tonic cells only.
Repeated Measurements Anova tests indicated no significant differences between
the dose response series in clean air and during background odour for any test odour
(Figs 6, 7). An inhibitory effect of the 9.5⋅10
-8 M 1-octen-3-ol on the responses to the
higher test doses can be seen, but this was not significant for any single concentration in
clean air compared with the response in background odour. The 1.7⋅10
-7 M 1-octen-3-ol
and the odour of chicken manure as background odour did not inhibit the responses to the
test odours.
Discussion
The presence of background odour may affect the sensitivities to additional pulses of
odour. This effect of background odour was more pronounced in the EAG experiments
than in the single cell experiments. The EAG experiments showed no effect of the 2.2⋅10
-8
and 9.5⋅10
-8 M background 1-octen-3-ol on the responses to the test odours 1-octen-3-ol,
2-pentanone and R-limonene. However, in the presence of 1.7⋅10
-7 M background
1-octen-3-ol the responses to the lower doses of 1-octen-3-ol and R-limonene appeared
to be enhanced, whereas the responses to some of the higher doses of 1-octen-3-ol and
R-limonene seemed to be inhibited, compared to the responses in clean air. During
stimulation with 2.4⋅10
-7 M background 1-octen-3-ol the responses were lower than before
in clean air and did not reach their original level after the background odour was switched
off and replaced by clean air again.
These effects may be explained by considering the stimulus transduction processes
of odours as summarized by Kaissling (1996). Odour molecules diffuse through the
cuticular pores (see Chapter 2) into the sensillum lymph. Odorant binding proteins (OBPs)
may transport the odour molecules through the sensillum lymph towards the odorant
receptors in the dendrites of the olfactory cells (Vogt and Riddiford, 1986; Van den Berg
and Ziegelberger, 1991). Upon binding of the odorant-OBP complex to the receptors, the
latter are activated. Then, ion channels open, depolarizing the dendrite of the olfactory
cell. The ion channels may be directly coupled to the receptor molecules, or may be
activated via the IP3 or cAMP second messenger system (Krieger et al., 1997). Upon
depolarization of the dendrite, the soma of the receptor cell generates action potentials
that are sent via the axon to the brain. For deactivation of the odour, it was proposed that
the odorant-OBP complex is rapidly oxidized, possibly by the receptor (Ziegelberger,Chapter 5
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1995). This oxidized odorant-OBP complex is no longer able to stimulate receptor
molecules. Finally, the odour is degraded by enzymes (Vogt and Riddiford, 1986;
Rybczynski et al., 1990).
The effect of potentiation or facilitation found in our study at low doses of test
odour may be the result of the fact that in the presence of background odour the olfactory
cell membrane is more depolarized and is, thus, discharging action potentials in a higher
frequency than in the non-stimulated situation. The extra stimulus of test odour will
increase the depolarization and spike frequency even more. When a high-dose odour puff
is presented in high-dose background odour, the response to this puff on top of the
response to background odour is lower than in clean air. Competition for odorant binding
proteins and receptor sites may occur. The capacity of receptor sites approaches saturation
and excess odour molecules might be shunted towards degrading enzymes and away from
receptors. Therefore, at high test concentrations, the response may be lower during the
presence of background odour than in clean air.
On continuous stimulation with 9.5⋅10
-8 M background 1-octen-3-ol odour, some
cells responded with a tonic increase in spike frequency, whereas others showed a short
phasic increase of spike frequency at the onset of the background odour, quickly returning
to the initial spike frequency. These two types of responses were also found in other insect
species, e.g. moths (Almaas et al., 1991; Heinbockel and Kaissling, 1996) and tsetse flies
(Den Otter and Van der Goes van Naters, 1992; Voskamp et al., 1998). The cells showing
phasic responses and quickly adapting to odour may be considered to respond to the
dynamic increase of odour concentration. The cells that keep a tonic higher spike
frequency during the stimulus provide information on both the dynamic and the static
phase of odour stimulation. Although we did not find significant differences between the
phasic and tonic cells investigated, the sensitivity to new odour puffs may be more
affected by background odour in the latter type of cells, as in these cells the continuous
response to the background odour may interact with the responses to new odours. It was
shown in tsetse flies that the sensitivity and temporal resolution in tonic cells was lower
than in phasic cells (Voskamp et al., 1998). The presence of both phasic and tonic
responding cells increases the temporal and dynamic range of the olfactory system of the
animal.
 Our experiments showed that the presence of background odour of 1-octen-3-ol
can affect the EAG-responses to test odour pulses of 1-octen-3-ol, 2-pentanone and, to a
lesser extent, R-limonene. Therefore, olfactory cells are present that are sensitive to
1-octen-3-ol, as well as 2-pentanone and R-limonene, as was found in several single cell
experiments. Two possible models explain this multiple sensitivity: either the three
compounds share one receptor in the olfactory cell membrane, or, alternatively, they mayEffect of background odour on olfactory sensitivity
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bind to different receptor sites that activate one shared intracellular signal transduction
cascade. Both models can explain cross-adaptation and cross-potentiation (Derby et al.,
1991). In the antennae the sensory cell population may consists of a mixed population of
cells with unspecific receptors and cells with several different specific receptors, sharing
the same intracellular signal transduction pathway (Daniel and Derby, 1991).
We tested chicken manure as a natural background odour. However, the
concentration of this complex odour mixture is difficult to estimate, and no information
about the concentration in chicken farms was present. If the responses in the natural
habitat of the flies are comparable to those found in this study, the presence of a large
odour concentration in habitats as, for instance, chicken farms, may not affect the
sensitivity of the olfactory system of flies to new odour pulses to a large extent. Therefore,
using baits, even containing odour of manure, may be effective in luring animals to
control fly populations in smelly, odour-loaded environments.
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Chapter 6
Spatial and temporal characteristics of
electroantennograms in flies
Summary
By varying the positions of electrodes on the antenna of houseflies, it was shown that
EAGs from globular antennae represent the summated receptor potentials measured over
the cuticula of olfactory receptor neurons near the electrode. The size of an EAG depends
on the size of the step in odour concentration at the moment the odour strikes the antenna.
Physiological responses of olfactory receptor cells to acids can be measured via the EAG
at low doses. High doses of strong acids induce electrochemical potentials of the
electrodes that vary in strength and polarity, depending on the material of the electrode
and the composition of the electrolyte, by the building of a junction potential, or by
conductivity changes. Therefore care should be taken in interpreting responses to these
stimuli.Chapter 6
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Introduction
The electroantennogram (EAG) has been used in a variety of insects as a convenient
screening procedure for pheromones and for other odorous substances that could be of
biological importance for the animal, e.g. indicating food or oviposition substrate. Most
work has been done on the filamentous antennae of moths and it has been shown that the
size of the EAG is proportional to the number of olfactory sensilla between the electrodes
(Nagai, 1981; Mayer et al., 1984; White, 1991). Each olfactory receptor cell can be
considered to become a small dipole under stimulation, because the dendrite of the cell
depolarizes most strongly. As a result of the serial arrangement of the sensory cells the
receptor potentials of many cells between tip and base of the antenna sum up and the tip
of the antenna will become negative with respect to its base (Fig. 1A, after Kaissling,
1971). The shape of the antennae of houseflies and several other Diptera, however, is not
filamentous but rather globular and the EAG may be formed in a different way. In this
study we investigate what the EAG represents that is measured in housefly antennae on
stimulation with odours.
Many insects are attracted by acids and the sensitivity to acids is often investigated
using EAG recordings. On stimulation with low doses of acids the EAG is a negative
potential, as is found in response to many other types of chemicals. At high acid doses,
however, sometimes positive EAGs are recorded (e.g. Warnes and Finlayson, 1986), but
also extremely high negative EAGs have been reported (Cork and Park, 1996). As has
already been shown by Kafka (1970), on stimulation with acid and alkaline substances
slow potentials may occur, which result from electrochemical reactions with the
electrodes. Because these potentials may interfere with the physiological responses, we
investigated the EAGs obtained in houseflies that were induced by acids in more detail.
Materials and methods
Mature, female houseflies (Musca domestica L.) were used. An intact fly was
immobilized in a Finn-pipette with its head protruding out of the tip. EAGs were recorded
with glass micropipette / Ag-AgCl electrodes filled with Ringer solution. A standard
stimulus was prepared by dissolving 1 mg 1-octen-3-ol in 25 µl silicon oil. To investigate
effects of acids, acetic acid, propionic acid, butyric acid and valeric acid were used.
Solutions of 10 mg in 25 µl silicon oil and four decadic dilutions of each acid were
made. A solution was pipetted onto a filter paper inside a Pasteur pipette that served as
an odour cartridge. Vapour from an odour-loaded Pasteur pipette was blown for 0.2 s intoCharacteristics of EAGs
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an airstream flowing over the antennae.
Results and discussion
Spatial characteristics of the EAG
When a measuring electrode is inserted into the tip of an antenna of a housefly, with the
indifferent electrode inserted near the base of the antenna, EAGs can hardly be recorded.
However, when the measuring electrode is placed onto the cuticle without penetrating it,
clear EAGs can be obtained. Apparently, the internal resistance of the antenna is low, due
to the large internal cavity of the antenna filled with conducting haemolymph. Inserting
both electrodes may short-circuit the electrodes (Den Otter and Saini, 1985; Den Otter et
al., 1988). The cuticle has a high resistance when it is intact. Therefore, when a current
flows through the cuticle a clear potential difference over its high resistance can be
measured. In moths, the haemolymph-filled cavity of the antenna is very narrow, and the
internal resistance from base to tip is about 100 kΩ (Kaissling, 1971). Therefore, in
moths, EAGs can be measured with the electrodes both contacting the haemolymph, one
at the base and at the other at the tip of the antenna.
Figure 1. Upon stimulation, receptor cells become small dipoles because the dendrite of the cell
depolarises most strongly. A) In filamentous antennae, EAGs are formed by summation of
receptor potentials of many cells from tip to base of the antenna. B) In globular antennae, when
the electrode is placed against the cuticle, an EAG is formed by the summated receptor potentials
over the cuticula of olfactory receptor neurons near the electrode.Chapter 6
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In the housefly, an EAG, measured with the recording electrode on the tip of an
antenna does not differ in size from an EAG measured with the electrode near the base
of the same antenna, when the indifferent electrode is inserted near the base of the antenna
(Figs 2A, B). Therefore, contrary to what is found in the filamentous antennae of moths,
the size of an EAG in a globular shaped antenna does not depend on the number of
olfactory receptor neurons between the electrodes. When the indifferent electrode is
inserted into the tip of the antenna and the measuring electrode is placed near the antennal
base, still an EAG with negative polarity is found (Fig. 2C). Would EAGs in globular
antennae be formed by the summation of the receptor potentials of many cells, lined up
between tip and base of the antenna, the EAG would be expected to be reversed in
polarity. Our result shows that wherever the indifferent electrode is inserted, the whole
haemolymph in the internal cavity of the antenna is grounded. We therefore conclude to
another mechanism of EAG-formation in globular, large-volume antennae (Fig. 1B):
Receptor cells, when stimulated, still form dipoles because the dendrites depolarize.
Placing an electrode onto the cuticle, contact is made through the pores of the olfactory
hairs and the negative potential, with respect to the haemolymph in the central antennal
cavity is measured. Therefore, the EAG measured over the cuticle is composed of the
receptor potentials of receptor cells near the electrode, as was speculated by Crnjar et al.
(1989). When measuring EAGs one should take care in placing the electrode, because of
possible differences in sensitivity of regionalized receptive fields of the antennae. This
phenomenon was found in Drosophila antennae (Ayer and Carlson, 1992).
Figure 2. EAGs obtained by placing the measuring (Meas) and indifferent (Ref) electrode at
different positions on the antenna, as indicated in the schematic drawing of an antenna below.
A) Ref inserted near the base of the antenna and Meas on the tip. B) Ref inserted near the base
of the antenna and Meas on the base of the flagellum. C) Ref inserted in the tip and Meas on the
base of the flagellum. All three setups give similar EAGs.Characteristics of EAGs
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Figure 3. Electroantennogram responses to pulses of different duration, all containing 35 nmol
of 1-octen-3-ol in 2 ml air.
Temporal characteristics
Figure 3 shows the relationship between the amplitude of an EAG and the duration of a
pulse of 2 ml 1-octen-3-ol vapour, containing 35 nmol of 1-octen-3-ol, as determined by
gas chromatography. When the pulse lasted longer, a smaller EAG was found. The
amount of odour was the same but diluted in time. As the EAG starts at the beginning of
the odour pulse, the size of an EAG depends on the concentration step that arrives at the
antenna.
EAGs obtained on stimulation with acids
EAG responses to acids sometimes give extreme negative values (Cork and Park, 1996)
or EAGs with positive polarity (Warnes and Finlayson, 1986). On applying dose-response
series of the four acids we found positive EAGs at high doses (Fig. 4) except for the
application of valeric acid, which always induced negative EAGs. The more acid the
stimulus (by acid strength and dose) the larger the positive potentials.
After killing the antenna with hexane, no responses to physiological stimuli are
found anymore, but high doses of strong acids still elicit positive potentials (Fig. 5). These
potentials even occur when the electrode is placed on the rim of the proboscal cavity,
where no chemosensory receptor cells are present. This indicates that these positive EAGs
in living antennae are non-physiological responses. Possibly the acid has some
electrochemical interaction with the electrode. Strong acid stimuli induce in some
olfactory receptor cells a depolarization, resulting in an increase of spike frequency
(excitation); but in other cells the opposite occurs (see Chapter 4). When the majority of
cells contributing to the EAG would be inhibited, their hyperpolarizations would produceChapter 6
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Figure 4. EAG dose response series of antennae to acids with increasing carbon chain length.
A) acetic acid; B) propionic acid; C) butyric acid; D) valeric acid.
Figure 5. The upper traces show responses of living flies to 1-octen-3-ol (1o3) and three doses
of acetic acid. Placing the electrode on the rim of the proboscal cavity, also a positive potential
was measured. Lower traces: after killing the antenna with hexane, no EAGs to 1o3 and 0.1 mg
acetic acid were found. Higher doses evoked still positive potentials, and in some other
preparations, negative potentials were found (last trace).
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Figure 6. Replacing the antenna with a filterpaper soaked with Ringer, no responses were found
except for stimulation by strong acids, that induced negative potentials.
a positive EAG. Alternatively, a positive electrode potential could inhibit the spike-
responses of receptor cells. Kafka (1970) suggested that inhibition of spike activity by
acids is probably due to potentials resulting from electrochemical interactions of the acids
with the electrode material.
In some preparations of dead antennae strong acids induced negative potentials
(Fig. 5). When the biological preparation was replaced by a filter paper soaked with
Ringer, strong acids induced negative potentials (Fig. 6). Meijerink (1999) showed that
the application of acid vapour generates negative electrode potentials between tungsten
electrodes, connected by a cotton thread soaked in Ringer, but not between similarly
connected glass electrodes. Metal electrodes are easily polarizable, depending on the
electrolyte composition, and therefore are less suitable to measure true DC potential
differences (Offner, 1967). When the amplifier draws current, electrolysis takes place at
the interface between metal and solution and an electrochemical potential builds up.
Different ions will contribute to the electrode reactions, depending on the electrode
potential. The electrode potential of tungsten electrodes depends on the pH of the
electrolyte (Frank and Becker, 1964), and thus artifacts may be found when using tungsten
electrodes to measure responses to acids.
To avoid metal electrode polarization, we used non-polarizable Ag/AgCl
electrodes in Ringer-filled glass micropipettes. When current flows between these
electrodes, electrolysis will not change the direct environment of the electrode, as AgCl
will be reduced to metallic silver, freeing the chloride ions into the solution, while Cl
-
from the electrolyte solution will be deposited onto the anode, increasing the amount of
AgCl on it. Still, we do find acid-induced electrode potentials with glass micropipette
Ag/AgCl electrodes, but only at higher doses than used by Meijerink (1999). This can be
explained by the building of a junction potential at the interface of the electrolyte solution
in the micropipette and the solution on the antennal surface or the cotton thread, in which
acid from the stimulation puff dissolves. This junction potential (Ej) or diffusion potential
is described by a modified Nernst equation:Characteristics of EAGs
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where R is the gas constant, T is the temperature, n is the valency of the ion (1 for acids),
F is Faraday=s constant; u is the diffusional mobility of the cation (H
+), v is the mobility
of the anion (R-COO
-) and c1 and c2 are the concentrations on the opposite sides of the
interface. The mobility of the H
+ cation (3.63Α10
-7 m
2/sV) is much larger than the
mobility of the anions and dominates the current flow. The concentration c1 inside the
micropipette is low (10
-7 M at pH = 7) compared to c2 and thus a negative junction
potential will be formed. This is seen in Fig. 6. However, we also found positive
potentials upon stimulating the antennae with acids. Probably ions of the acid change the
conductivity of the preparation by diffusing in the sensillum lymph or in the Ringer
solution of the glass electrode or by hygroscopic activity (Van der Pers, pers. comm.). A
change of the resistance thus can result in a potential change.
Metal electrodes have large electrochemical potentials and should therefore be
avoided when measuring responses to acids. Glass micropipette/Ag-AgCl electrodes show
less artifacts, but responses to strong acids are still artificial. Therefore testing high doses
of acids that hardly exist in nature does not produce useful information about the sensory
physiology of the olfactory system.
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Chapter 7
Chemical and electrophysiological analysis of
components, present in natural products that attract
houseflies
Summary
We identified some chemicals from chicken manure, pork meat and moistened bread,
which are attractive for houseflies, by gas chromatography-mass spectrometry combined
with EAG measurements. Furthermore, we made EAG dose-response curves for these
chemicals and for other chemicals present in manure, meat and bread. Based on the
sensitivity to these chemicals, expressed by the threshold dose, we identified the
chemicals that may contribute most to the attractive odour of the natural substances for
the housefly. The main components of the odour of manure are 2-methylpropanol,
dimethyldisulfide, 3-methylbutanoic acid, 3-methylphenol and skatole; meat-odour may
be formed by 3-methylbutanal, dimethyldisulfide, 3-(methylthio)-propanal, 3-
methylbutanoic acid, benzaldehyde, 1-octen-3-ol and skatole; and in odour of bread 2-
methylpropanol, 3-methylbutanal, 1,1-diethoxyethane, dimethyldisulfide and
benzaldehyde may be the most important odours.Chapter 7
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Introduction
The housefly (Musca domestica L.) is a cosmopolitan insect that occurs widespread near
human settlements. Due to its broad food preference, visiting many different food sources,
its potential of transmitting pathogens is large (Grübel et al., 1997; Tan et al., 1997). Even
a small number of flies can infest food in very short intervals of time with a large number
of bacteria (Ostrolenk and Welch, 1942). Houseflies are a serious pest in livestock and
poultry facilities (Hansens, 1963; Axtell and Arends, 1990) and therefore, several control
methods are used. Spraying of insecticides is the primary method of control, but this
becomes less popular, because it is not friendly for the environment, and loses effectivity
because of the development of resistance in housefly populations (Chapman, 1985).
Therefore, as an alternative control method, baits are developed to lure insects towards
locally poisoned food or into traps. In these baits, mixtures of chemicals are shown to be
more attractive than single chemicals (Brown et al., 1961; Mulla et al., 1977) and natural
products are most effective.
Many studies have focussed on the attractivity of different natural products on
houseflies. Behavioural studies, using two-choice olfactometers or counts of caught flies
showed attraction of houseflies towards different kinds of manure (Wiesmann, 1960;
Larsen et al., 1966; Frishman and Matthysse, 1966; Cossé and Baker, 1996), meat (Mulla
et al., 1977; Pickens et al., 1994), moistened bread (Morrill, 1914; Richardson, 1917) and
other products, e.g. fish, blood, milk, cheese, honey etc. (Brown et al., 1961; Wiesmann,
1960; Frishman and Matthysse, 1966; Mulla et al., 1977; Künast and Günzrodt, 1981).
The use of these natural products as baits in traps is inconvenient and not economical due
to the high frequency of bait-replacement and trap maintenance (Ashworth and Wall,
1994). It would therefore be more convenient to use a well formulated chemical mixture
that mimics the odour of these products as a bait in traps. So far, few studies have been
done to identify the active key components that make up the odour responsible for
attracting houseflies. Cossé and Baker (1996) identified 9 electrophysiologically active
odour components in pig manure. They showed that two mixtures, one comprised of 7 of
these EAG-active components and a second containing butanoic acid, 3-methylindole
(= skatole) and dimethyltrisulphide, were capable of attracting female flies at a rate
slightly less than that of pig manure.
In a previous study we showed that out of 25 natural products, flies were most
attracted to chicken manure, pork meat and soaked bread (Smallegange et al., 1999). In
this study we investigate which chemicals, present in the odour of these products, elicit
electrophysiological responses of the olfactory system. These chemicals may be
responsible for the attraction of houseflies and might be used to prepare synthetic baits.Identification of attractive components in natural substances
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Materials and methods
Insects. Pupae of the Musca domestica WHO strain Ij2 were obtained from the Danish
Pest Infestation Laboratory (Lyngby, Denmark) or collected in a pig stable in Pesse (The
Netherlands). Cultures were kept in the laboratory at 25°C and 75% RH. Larvae were
reared in an aquous jelly of agar, yeast and skim milk powder (1:5:5 by weight), and
allowed to pupate in wood curls on top of the jelly. Flies were fed a mixture of milk
powder, sugar and autolysed yeast (5:5:1 by weight) and had access to tap water. The
experimental flies were mature (4-18 days old).
Collection of volatiles. Chicken manure was gathered from a chicken house in the
morning and used the same day in the experiments. Pork meat was bought and left for one
or two days at room temperature to allow some decomposition and the production of taint
odours. Bread was bought and used the same day. Flavours from these substrates were
collected by different methods. The first two methods aimed at the collection of only
volatiles.
The natural product was put into a glass jug (bread was soaked with demineralized
water first). A Solid Phase Micro Extraction fiber (SPME, Supelco, Inc., Bellefonte,
Pennsylvania) coated with 100 µm of polydimethylsiloxane was extruded from the syringe
and inserted into the jug above the substrate for different time periods at room
temperature, after which it was retracted and immediately inserted into the splitless
injector port of a Shimazu GC-17A gas chromatograph (Kyoto, Japan) where trapped
volatiles were thermally desorbed. Alternatively, volatiles were collected by sucking air
through a glass tube filled with 250 mg pre-cleaned tenax, placed between two glass wool
plugs. The trapped volatiles were washed out in 1-2 ml hexane or ethanol (HPLC-grade)
and the sample was concentrated to ca. 300 µl with a charcoal-filtered pressured airflow.
The third method was to shake the natural product with 10-30 ml hexane or ethanol for
about one hour. The solvent was then filtered and concentrated to 0.5-1 ml. Using this
method, higher concentrations of chemicals of both volatile and non-volatile nature were
obtained.
Gas Chromatography and Mass Spectrometry. Gas chromatography (GC) analyses were
performed using a Shimazu GC-17a with a 15 m x 0.32 mm, film thickness 0.25 µm
CP-Sil-5 CB column (Chrompack, The Netherlands) or AT-1 column (Alltech, The
Netherlands). The injector port was set at 250°C and set either splitless (using SPME) or
at a split ratio between 2:1 and 20:1 (for extracts). The flame ionisation detector (FID)
was set at 300°C and an oven programme of 2 min at 50°C, and subsequently 10°/min toChapter 7
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300°C was used. The linear gas velocity (He) was kept at 20 cm/s by an initial pressure
of 23 kPa for 2 min, subsequently increasing with 0.4 kPa/min till the end of the run. Gas
chromatography-mass spectrometry was done with a Unicam 610/Automass 150 GC-MS
system, using a 25 m x 0.25 mm WCOT fused-silica CP-Sil-5 CB column, film thickness
0.25 µm (Chrompack) and the same temperature settings. Linear gas velocity (He) was
30 cm/s; a split ratio of 12:1 was used. Ionisation energy was 70 eV; ion source
temperature was 250°C; interface temperature was 280°C. A scan speed of 2 scans/s with
a mass range of 34-500 u was used.
Electrophysiology. EAG-recordings were made by inserting a glass micropipette/Ag-AgCl
electrode into the head of an intact fly, immobilized in a plastic pipette. The tip of a glass
recording electrode contacted the distal end of one of the antennae. The electrodes were
filled with Beadle-Ephrussi saline and connected to a high-impedance DC-amplifier
(Syntech, Hilversum, The Netherlands).
Stimuli. To examine the electrophysiological responses to components from the natural
product extracts, extra make-up gas was added to the column flow and a splitter was
placed after the column in the GC. Half of the effluent was led to the FID and half of the
effluent was continuously fed out of the CG into a 3 ml/s flow of charcoal-filtered,
moistened air, directed over the antennae through a steel tube (i.d. 7 mm). Alternatively,
the effluent was collected in a Pasteur pipette. The pipette was replaced every minute and
immediately flushed (in 0.2 s) into the airstream through an aperture in the tube, 8 cm
from the outlet.
To determine the antennal sensitivity to single chemicals, 5 serial decadic dilutions
in silicon oil were prepared and 25 µl of each solution was pipetted onto a filter paper in
a Pasteur pipette. This pipette served as an odour cartridge and contained 0.001, 0.01 0.1,
1 or 10 mg of a chemical. Solutions of phenol, 3-hydroxy-2-butanone, phenylethanol and
4-methylphenol were made in demineralized water. Due to low solvability of some
chemicals, solutions were well shaken before pipetting the solution onto the filter papers.
Skatole and indole could not be dissolved at a concentration of 10 mg/25 µl silicon oil,
therefore a decadic dose range of 0.0001 to 1 mg was used.
Chemicals. Methanethiol (pure); acetic acid, propanoic acid, butanoic acid, 1-propanol,
2-methylpropanol, hexane (all >99.5 %); 2-methylpropanal, benzaldehyde,
dimethylsulfide, indole, skatole, phenylacetic acid, 2,3-butanedione, 4-methylphenol
(>99%); 3-methylphenol, 3-methylbutanol, 3-methylbutanal, dimethyldisulfide, pentanoic
acid, 3-phenylpropanoic acid, 1-octen-3-ol (>98%); 3-hydroxy-2-butanone, 4-ethylphenol,Identification of attractive components in natural substances
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1,1-diethoxyethane (>97%); phenylethanol (96%); 3-(methylthio)-propanal (technic) and
phenylacetaldehyde (50% in phthalate) were obtained from Fluka Chemica, Switzerland.
3-Methylbutanoic acid (>99%) was purchased from Sigma, The Netherlands. Ethanol P.A.
(>99.8%), used both as stimulus and extracting solvent for the natural products, was
bought from Merck, Germany.
Analysis. Simultaneous CG- and EAG-traces were recorded on a computer with the
software package GC-EAD Electro Antenno Detection (Syntech). EAG responses to pure
chemical stimuli were recorded on computer with the programme Syntech Electro
Antennography (Syntech). Responses were normalized using 1 mg 1-octen-3-ol as a
reference stimulus. Responses of the experiments were averaged and multiplied by the
mean response to the reference stimulus, to express them in mV.
Results
GC-analyses of the SPME-collected headspace of the natural products were inconclusive:
only small peaks were found, and the chromatograms of different extracts of the same
product were not consistent. Also the extracts of the volatiles, collected on tenax could
not be used for EAG-analysis, because the concentrations of the trapped volatiles
appeared to be too low.
Therefore we used the whole-product washes for GC analysis. The hexane washes
contained more components with long retention times than the ethanol washes, which
contained more early eluting components. Thus, the most volatile components of the
natural products appear to be polar chemicals, as they dissolve best in ethanol. In 7 GC
runs of manure-extract, 12 runs of tainted pork extract and 8 runs of bread extract, 1 min
fractions of GC-effluent were collected and tested on their EAG-activity (Fig. 1). The
fractions that elicited the largest EAGs were found in the first parts of the runs. To
determine the chemicals present in the EAG-eliciting fractions, the extracts were analysed
using gas chromatography - mass spectrometry (GC-MS). The chemical nature of some
peaks in the EAG-active fractions could be elucidated: In chicken manure GC- peaks of
acetic acid, 3-methylbutanoic acid, phenol and indole were found (indicated in Fig. 1).
Especially the spectra of phenol and indole (Fig. 2) were easy to recognize, as they were
well separated from other components and their peaks were not disturbed by background
presence of other chemicals. In pork meat also 3-methylbutanoic acid, phenol and indoleChapter 7
110
Figure 1. Gas chromatograms (upper traces) and EAG signals (lower traces) to the compounds
present in 1 min samples of the effluent of ethanol extracts of A) chicken manure, B) tainted pork
meat and C) bread. Vertical bar in A represents 10 mV (GC traces) or 0.1 mV (EAG traces). First
(A, B and C) and last (B) EAG peaks are responses to the vapour of the whole extract. Some
identified GC peaks are indicated with a number corresponding to the compound number in
Table 1.Identification of attractive components in natural substances
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Figure 2. Mass spectrum of phenol and indole from the chicken manure extract. The spectrum
shows the relative abundancy and the masses of the molecule and pieces (ions) from it (indicated
by their mass number), after breakage in the mass spectrometer. m/z range 34-150.
could be identified. The large peaks found after 15 min were identified as being esters of
long (>C16) fatty acids. Single ion monitoring showed these were aliphatic as well as
branched. These esters elicited only small EAGs.
Unfortunately, peaks very often consisted of several chemicals with similar
retention times. The MS-spectra were then also added up, making determination of the
chemicals very difficult. We, therefore, searched the literature for chemical componentsChapter 7
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Table 1. Chromatographic and mass spectral properties of chemicals, present in manure (man),
tainted meat (meat) and bread (br). RI: Retention Index relative to C5-C14 n-alkanes on an
Alltech AT-1 column; MW: molecular weight; BP: Base Peak, i.e. the most abundant MS-ion m/z
(100% rel. int.). The compounds are sorted corresponding to their gas chromatographic elution
sequence.
No Name RI MW BP present in
1 acetaldehyde <500 44 44 br
2
2 ethanol <500 46 45 br
2,3
3 methanethiol <500 48 48 meat
1
4 dimethylsulfide 538 62 62 meat
1
5 1-propanol 553 60 42 br
2,3
6 2-methylpropanal 582 72 43 meat
1, br
2,3
7 acetic acid 584 60 43 br
3, man
5,6,7,9
8 2,3-butanedione 603 86 43 meat
1,4, br
2,3, man
5
9 2-methylpropanol 625 74 43 br
2,3, man
6
10 3-methylbutanal 639 86 45 meat
1, br
2,3
11 3-hydroxy-2-butanone 700 88 45 meat
1,4, br
3, man
5,6
12 3-methylbutanol 727 88 55 br
2,3, man
5,6
13 1,1-diethoxy ethane 727 118 45 br
2
14 propanoic acid 732 74 74 br
3, man
5,6
15 dimethyldisulfide 732 94 94 meat
1, br
2,3, man
5,6,7
16 butanoic acid 809 88 60 man
5,6,7
17 3-(methylthio)-propanal 879 104 48 meat
1
18 3-methylbutanoic acid 900 102 60 meat
9, man
5,6,7,9
19 pentanoic acid 931 102 60 man
5,6,7
20 benzaldehyde 947 106 77 meat
1,4,8, br
2
21 1-octen-3-ol 984 128 57 meat
1,4,8
22 phenol 986 94 66 meat
9, man
6,7,9
23 phenylacetaldehyde 1018 120 91 meat
1, br
2
24 phenylethanol 1083 122 91 man
6,7
25 3-methylphenol 1090 108 108 man
7
26 4-methylphenol 1090 108 107 man
6,7
27 4-ethylphenol 1170 122 107 man
6,7
28 phenylacetic acid 1252 136 91 man
6
29 indole 1282 117 117 meat
1,9, man
5,6,7,9
30 3-phenylpropanoic acid 1350 150 91 man
6
31 skatole 1374 131 130 meat
1, man
5,6,7
1 Mottram, 1991; 
2 Grosch and Schieberle, 1991; 
3 Seitz et al., 1998; 
4 Mottram et al., 1982;
5 Burnett, 1969; 
6 Yasuhara et al., 1984; 
7 Cossé and Baker, 1996; 
8 Mottram, 1985; 
9 present
study.
present in our products (Table 1). Roughly the same volatile components are found in pig
and poultry house air (O’Neill and Phillips, 1992), so we included literature data
concerning both poultry and pig manure odours. The most important chemicals
contributing to the odour of manure, meat and bread were tested for retention times andIdentification of attractive components in natural substances
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tried to fit into our chromatograms. Indeed some chemicals had similar retention times,
so that they overlapped in the chromatogram. The mixed MS-spectra of these synthetic
compounds were printed, but could not easily be recognized in the analyses of the natural
products.
Dose-response curves of all single chemicals from Table 1 were measured to
determine their EAG activity (Fig. 3). All odours except phenylacetic acid elicited
significant EAG-activity at some dose. Methanethiol, 2-methylpropanol,
dimethyldisulfide, 1-octen-3-ol and 3-methylphenol were active already at the lowest dose
tested (0.001 mg). 3-methylbutanal, 1,1-diethoxyethane, 3-(methylthio)-propanal,
3-methylbutanoic acid, benzaldehyde and skatole induced significant higher EAGs than
control at doses of 0.01 mg and up. The threshold dose for the other chemicals was higher
than 0.01 mg. The responses to the different alcohols and aldehydes varied. The aliphatic
alcohols and aldehydes induced smaller EAGs than the branched or unsaturated ones.
Sulphur compounds all elicited relatively large responses, whereas the responses to all
phenols were rather low. The dose response curves of the acids first showed an increase
EAG amplitude, but at high doses (1 and 10 mg) of the stronger acids, the EAG decreased
or even reversed. This is an artificial chemophysical reaction of the acids with the
electrodes that counteracts the physiological EAG-reaction of the antenna to these odours,
as explained in Chapter 6. The stronger the acid, the stronger this artifact. Thus we can
only interpret the EAGs to the lower doses as being physiological. A threshold dose of
0.1  mg acetic acid, propanoic acid, butanoic acid and pentanoic acid can still be
determined. Changes in responses to phenylated compounds, compared to their “parent”
chemical differed: the EAGs to phenylethanol were larger than to ethanol, but the EAGs
to phenylacetaldehyde, phenylacetic acid and phenylpropanoic acid were smaller than to
acetaldehyde, acetic acid and propanoic acid.
Discussion
The attractiveness of natural products or single chemicals for houseflies has been
frequently studied (Morrill, 1914; Richardson, 1917; Brown et al., 1961; Larsen et al.,
1966; Frishman and Matthysse, 1966; Mulla et al., 1977), but the determination of the
actual chemical components of natural products that cause their attractiveness has
received little attention. Cossé and Baker (1996) could successfully identify several
attractive components of pig manure headspace using GC-EAG analyses. Our study aimed
at analysing the main attractive components from chicken manure, meat and moistenedChapter 7
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Figure 3. Dose-response curves of chemicals present in manure, meat and bread, sorted by
chemical nature: A) alcohols (2 = ethanol; 5 = 1-propanol; 9 = 2-methylpropanol;
12 = 3-methylbutanol; 21 = 1-octen-3-ol; 24 = phenylethanol), B) aldehydes (1 = acetaldehyde;
6 = 2-methylpropanal; 10 = 3-methylbutanal; 20 = benzaldehyde; 23 = phenylacetaldehyde),
C) sulphur compounds (3 = methanethiol; 4 = dimethylsulphide; 15 = dimethyl disulphide;
17  =  3-(methylthio)-propanal), D) phenols (22 = phenol; 25 = 3-methylphenol; 26  =
4-methylphenol; 27 = 4-ethylphenol), E) acids (7 = acetic acid; 14 = propanoic acid;
16 = butanoic acid; 18 = 3-methylbutanoic acid; 19 = pentanoic acid; 28 = phenylacetic acid;
30 = 3-phenylpropanoic acid) and F) miscellaneous (8 = 2,3-butanedione; 11 = 3-hydroxy-2-
butanone; 13 = 1,1-diethoxyethane; 29 = indole; 31 = skatole). Averages ± SEM of several
experiments (number is given) per compound are plotted.
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bread, the three most attractive natural products for houseflies from a list of 25
compounds tested in a previous study (Smallegange et al., 1999).
Although our method of collecting volatiles with SPME was not essentially
different from that of Cossé and Baker (1996), the collection of headspace of manure,
meat and moistened bread by sampling on a solid sorbent (SPME or tenax) did not yield
amounts of volatiles high enough for inducing electrophysiological responses to the
components. Another drawback of the collection of volatiles from headspace on SPME
was that different samples from the same substrate did not produce consistent
chromatograms. This may be explained in part by a change of the composition of the
headspace due to microbial activity (Mackie et al., 1998). For an analysis of the
components with both GC and MS, a more stable extract with a relatively high
concentration was needed. Therefore, we made whole-product washes in ethanol and
hexane.
The technique of splitting the effluent of a GC column for both analysing the
extract with a GC-detector (usually FID) and recording EAGs from an antenna was for
the first time used to detect sex pheromones of moths (Moorhouse et al., 1969; Arn et al.,
1975). Male moths are extremely sensitive to sex pheromones of conspecific females;
most sensilla on the male antennae are specialized to sense the female sex pheromone. A
single pheromone molecule is sufficient to elicit a nerve impulse (Kaissling, 1996) and
very low concentrations of female moth sex pheromone already trigger behavioural
responses of male moths. Too high concentrations even stop attraction behaviour of male
moths (Baker et al., 1988). Therefore, small or even invisible peaks in the effluent of the
GC, directly led over the male moth antennae can already elicit EAGs (Baker et al.,
1991).
In the case of the housefly, we could not show clear EAGs when the GC effluent
was led directly over the antennae. The olfactory hairs on the antennae of houseflies are
not specialized to a few odours (Kelling and Den Otter, 1997; Getz and Akers, 1995) and
relatively high concentration steps are needed to elicit detectable EAGs. The reason for
the apparently low sensitivity may be caused by the experimental procedure. The peaks
of a chromatogram have a Gaussian shape and thus the concentrations of the chemicals
in the effluent of a GC first slowly increase before they reach the top, during which the
sensilla on the antennae of the fly already may have become adapted to the odour
(Marion-Poll and Thiéry, 1996). A large concentration step induces a larger EAG than a
smaller concentration step, even if the total amount of odour is the same (Kelling and Den
Otter, 2000, Chapter 6). Therefore, we collected the effluent and presented it in a short
puff. Despite the lower temporal resolution, this sampling method gives better information
about which fractions contain EAG-active compounds. Pulsed effluent presentationChapter 7
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techniques have been successfully used for identification of attractive odours for other
non-Lepidoptera, e.g. the cockroach Periplaneta americana (Selzer, 1981) and the
screwworm Cochliomyia hominivorax (Cork, 1994). With a short-pulsed cold trapping
and heat desorbing modulation technique the sensitivity of the biological detector could
be improved with at least a factor ten while keeping the temporal resolution of the CG
(Gouinguené et al., 1998). Nevertheless, distinct EAGs to chemicals using the continuous
effluent of a GC were reported for the carrot fly Psila rosae (Guerin et al., 1983), the fruit
fly Ceratis capitata (Cossé et al., 1995) and even the housefly (Cossé and Baker, 1996).
We could identify few odours with mass spectrometry. Better analyses might have
been obtained using a long polar column, but due to logistic problems it was not possible
to change the setup of the MS-system. We, therefore, also tested odours, indicated in the
literature as the main components of our products. Fatty acids, 4-methylphenol, indole,
skatole, 2,3-butanedione (=diacetyl) and ammonia are reported to be the most important
components of livestock house air (O'Neill and Phillips, 1992). Although the sensitivity
of houseflies to most fatty acids is not very high, we believe that they are important in
attracting flies because of their abundance in manure odour. Houseflies appear to be
attracted to acetic acid (Richardson, 1917; Brown et al., 1961; Frishman and Matthysse,
1966), 3-methylbutanoic acid and butanoic acid (Cossé and Baker, 1996) or repelled by
butanoic acid, but probably the latter observation is due to testing a different
concentration (Brown et al., 1961).
Considering the phenols, 4-methylphenol is present in the highest concentration
in manure and urine. It is remarkable that the sensitivity of houseflies to 4-methylphenol
is lower than to 3-methylphenol, whereas in tsetse flies both the EAG-responses and
attractivity to 4-methylphenol are higher (Bursell et al., 1988). In tsetse flies one class of
olfactory receptor cells responds more strongly to 3-alkylphenols than to 4-alkylphenols,
a second class responded stronger to 4-alkylphenols than to 3-alkylphenols, and two other
classes respond similarly to both alkylphenols (Den Otter and Van der Goes van Naters,
1993). Remarkably, Cossé and Baker (1996) found no EAGs in houseflies to either 3-
methylphenol or 4-methylphenol, even though the latter was the major compound of pig
manure. Interestingly, 4-methylphenol could not increase catches of Stomoxys spp. in
traps, but catches of non-biting muscids were enhanced by addition of both 4-
methylphenol and 3-n-propylphenol (Holloway and Phelps, 1991).
Indole and skatole are often found to be attractive to houseflies (Brown et al.,
1961; Frishman and Matthysse, 1966; Mulla et al., 1977; Cossé and Baker, 1996) and
other Diptera, such as Musca vetustissima (Mulla and Ridsdill-Smith, 1986), Lucilia
sericata and Lucilia cuprina (Ashworth and Wall, 1994). These chemicals are strongly
related to the odour of manure, but they are also part of putrefactive odours, responsibleIdentification of attractive components in natural substances
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for the tainting odour of meat (Mottram, 1991). The same is true for sulfides, being
present in both manure and meat as degradation products. Sulfides are present in bread
in minute concentrations only (Seitz et al., 1998), but because of their low odour
threshold for man, they do contribute to the bread flavour (Grosch and Schieberle, 1991).
Sulfur-rich volatiles attract Lucilia species (Ashworth and Wall, 1994). Cossé and Baker
(1996) found dimethyltrisulfide and dimethyltetrasulfide to attract houseflies. In their
experiments, dimethylsulfide elicited EAGs, but they did not test dimethyldisulfide nor
dimethylsulfide in behavioural experiments.
Much literature is dedicated to 1-octen-3-ol. This substance, isolated from ox
odour, appears to be a major attractant for tsetse flies (Hall et al., 1984; Vale and Hall,
1985). It is also attractive to horse flies, Tabanidae spp. (French and Kline, 1989) and
stable flies, Stomoxys spp. (Holloway and Phelps, 1991). The large EAGs to 1-octen-3-ol
in our experiments suggest that it may also be attractive to houseflies. Large
electrophysiological responses to 1-octen-3-ol were also measured in mosquitoes:
Anopheles spp. (Van den Broek and Den Otter, 1999). 1-Octen-3-ol is found in high levels
in pork volatiles, becoming less abundant when pork is heated or cooked (Mottram, 1985).
Furthermore, it is present in the odour of mushrooms and various plant materials and in
small quantities in the aroma of bread.
No behavioural data on attractiveness or repellency of the other chemicals tested
in our study exists, so further research is necessary.
In this study only some chemicals could be identified using the GC-EAG
technique. Improved techniques could reveal other compounds, as the temporal resolution
of our technique of measuring the EAGs to a fractionated GC-effluent is low. The
continuous exposure of the antenna to the effluent of the GC strongly reduces the
detection level of EAGs. Furthermore, only a part of the population of olfactory cells may
contribute to the EAG response to some odour and hence the EAG will be small even
when a few cells show a high response. Single sensillum recording therefore may be more
sensitive and could reveal a number of chemicals, overlooked by GC-EAG recording. GC-
single sensillum recording was first described by Van der Pers and Löfstedt (1983) and
used for detection of plant volatiles in Lepidoptera (Wibe and Mustaparta, 1996). Because
the sensilla on the antennae of houseflies have different response spectra, they do not all
respond to all stimuli and multiple analyses should be done to cover most sensillum types
and reveal the most important chemicals.
The dose-response curves show different sensitivities for the odours tested. When
trying to compose an attractive blend of chemicals, mimicking a natural product, some
chemicals may be omitted. The sensitivity to phenylacetic acid, propanol, 3-hydroxy-2-
butanone, 3-phenylpropanoic acid and phenol is rather low. The possibility to useChapter 7
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methanethiol is limited. Flies are very sensitive to it, and so are humans. However,
methanethiol is extremely volatile, and, having a boiling point of only 32°C, it can hardly
be stored. A blend of the chemicals to which flies are most sensitive may already be
attractive. Based on our EAG data, we may choose the chemicals with the lower threshold
doses. A possible attractive manure-mimic could consist of 2-methylpropanol,
dimethyldisulfide, 3-methylbutanoic acid, 3-methylphenol and skatole. Cossé and Baker
did not find 2-methylpropanol in their analyses. Furthermore, they included butanoic acid
and phenylethanol in their main mix, two components that did not have very low threshold
doses in our results. A meat-like mixture could contain 3-methylbutanal,
dimethyldisulfide, 3-(methylthio)-propanal, 3-methylbutanoic acid, benzaldehyde,
1-octen-3-ol and skatole; and for a bread-like attractant one could mix 2-methylpropanol,
3-methylbutanal, 1,1-diethoxyethane, dimethyldisulfide and benzaldehyde. Several
chemicals are present in more than one of the three natural products tested. Possibly a
mixture of these chemicals would also produce an attractive blend. Further behavioural
assays should be done to investigate the attractiveness of these mixtures.
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Chapter 8
Summary and general discussion
Introduction
Houseflies, Musca domestica L., are cosmopolitan insects commonly associated with man
and livestock. In warm environments they remain active and reproduce throughout the
year. Houseflies feed on many different food sources such as decomposing substrates as
well as human or livestock food. In doing so, they may be vectors of pathogens and
transmit several diseases. In addition, high population densities of houseflies can cause
nuisance to such an extent that livestock production decreases. Therefore, houseflies
constitute a major problem in farming industries as well as in food processing industries.
Several methods for housefly control have been developed, but a completely effective
control has not yet been accomplished. Improvement of the efficacy of traps and baits
with attractive odours is promising. The most effective attractants are decaying natural
products, which are not practical for use in traps and baits. Presumably synthetic chemical
mixtures that attract houseflies are be better applicable and could enhance the
attractiveness of traps and baits that are currently in practice.
This thesis is aimed at the improvement of housefly pest control using attractive
odours in traps and baits. To achieve this aim, a further understanding is required of how
houseflies detect and discriminate odours and how their olfactory sensitivity depends on
physiological circumstances. Furthermore, the identity of compounds making up the
fragrance of attractive substances is investigated.
Insects have developed specialized structures, olfactory sensilla, with which they
smell odours. These olfactory sensilla are innervated, hollow hairs with pores in their
walls. Odour molecules diffuse through the pores towards the dendrites of the receptor
cells. When odour molecules bind to the receptors in the membrane of the dendrite, the
receptor cell responds by depolarization and increasing the production of action potentials
(spikes) or by hyperpolarization and decreasing its spike frequency. WithChapter 8
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electrophysiological techniques we can measure the responses of olfactory receptor cells
to odour stimuli. By placing an electrode on the cuticular surface at the base of a
sensillum (and the indifferent electrode into the haemolymph), we can record the spikes
generated by the receptor cells nearby the electrode and determine the response of a
receptor cell to an odour stimulus. To interpret these responses, we first have to know
more about the specific morphology of the olfactory organs of houseflies.
Types and distribution of sensilla
In Chapter 2 we describe the morphology of the olfactory organs of houseflies. The
olfactory organs are the antennae and the maxillary palps. We investigated the
morphology of these organs using scanning electron microscopy and transmission electron
microscopy. The antennae consist of a scape, pedicel, funiculus and arista. The funiculus
is densily covered with several types of hairs, most of which have an olfactory function,
as is suggested by their morphology and as is shown in the following chapters by
electrophysiology. Apart from non-innervated microtrichia, several types of olfactory
hairs are present on the surface of the antennae: trichoid sensilla, basiconic sensilla,
grooved sensilla and clavate sensilla. Three pits are present in the funiculus: two of them
contain grooved sensilla and several sensilla without wall-pores, and one pit contains
numerous clavate sensilla. Trichoid sensilla are 12-20 µm long, thick-walled hairs and
they are the most numerous sensilla on the funiculus (1500-2000 per funiculus; 70% of
the sensillar population). They are present at all sides of the funiculus except for the
proximal 1/4 of the ventral side. Basiconic sensilla are 4-11 µm long, thin-walled sensilla.
Their number on the funiculus is about 550-700, and they are distributed over the whole
funicular surface. About 90-110 small (1.5-4 µm) grooved sensilla and a few 9-11 µm
long clavate sensilla are present on the funicular surface. The palps bear microtrichia, long
grooved bristles and some olfactory basiconic sensilla. The number of  basiconic sensilla
present on the palps is 75-90, their density increasing towards the palpal tip.
No differences in number and distribution of sensilla exist between males and
females. It appeared that small houseflies, having small antennae and palps, possess less
sensilla than large flies of the same strain. The sensilla of small and large flies are similar
in size.
Based on this study of the morphology and distribution of olfactory hairs, showing
that the different sensillum types on the antennal surface are densily intermingled, we
know that electrophysiology on the antennal surface will give responses from several
different types of olfactory hairs. Further electrophysiological studies were performed on
olfactory hairs on all sides of the funiculus and on the distal half of the palps of large
houseflies of both sexes.Summary and general discussion
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Characterization of olfactory celltypes
In Chapter 3 we measured the electrophysiological responses of olfactory cells on the
antennae and palps to a set of odours from different chemical classes. In the antennae, a
large variation in response profiles of olfactory cells is present. Most cells respond to
several odours and few specialist cells exist. 1-Octen-3-ol, amyl acetate, 2-pentanone, 3-
methylphenol, and R-limonene induce the largest responses. Cluster analysis identified
ten clusters of antennal cells with similar response profiles in the multidimensional odour
space (each odour representing one dimension). Cells with similar response profiles are
distributed over the whole funicular surface; no regionalization in receptive fields for
different odours is present in housefly antennae. In the palps, the clusters of cells that
respond mainly to 3-methylphenol or 2-pentanone are clearly separated from the cells
responding to other substances. Receptor cells with similar or with different response
profiles can reside within one and the same sensillum.
Because few specialist cells are present and most cells respond to several odours,
we continued our research using some odours that elicit clear responses in most cells.
Sensitivity of olfactory cells
Effective pest control requires that all individuals of the population of houseflies,
including young and adult flies of both sexes, respond to the attractive stimuli to be used
in traps and baits. Therefore, we investigated the olfactory sensitivity of the different
groups of houseflies by comparing dose-response curves (Chapter 4). Very few
differences in the sensitivity of olfactory cells of newly emerged flies versus mature flies
are found. Also differences between males and females are virtually absent. However,
large differences between antennal and palpal sensitivity for several odours exist.
These results show that houseflies of all ages and both sexes can detect attractive
odours and may be lured towards traps and baits.
Background odour
So far most substances were tested as single odour stimuli. However, in nature, air is
always loaded with some ambient background odour. For attractants or repellents to be
effective, the flies have to be able to distinguish these chemicals from the ambient odours.
Therefore, we tested the responses of single odour stimuli in the presence of different
background odours (Chapter 5).
The presence of a background odour (1-octen-3-ol or manure) has a limited
influence on the sensitivity to different test odours (1-octen-3-ol, 2-pentanone and R-
limonene). Only high concentrations of a background odour of 1-octen-3-ol induced slight
adaptation and sensitisation: responses to high doses of test odour were decreased andChapter 8
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responses to low doses of test odour were increased compared with the responses in clean
air. No effect of manure or low doses of 1-octen-3-ol as a background odour on the
sensitivity to the test odours was found.
Thus, using attractive odours in smelly, odour-loaded environments may be
effective in luring animals to control fly populations.
Electroantennography
Single olfactory cells respond to a limited spectrum of odours. When measuring a
summated response from a population of olfactory cells, belonging to different clusters,
the spectral sensitivity will enhance, and a faster discrimination of biologically important
odours will be possible. Therefore, we used electroantennography in our further research.
We show that EAGs measured from the cuticle of the globular antennae of
houseflies represent the summated receptor potentials of a population of olfactory cells
near the electrode (Chapter 6). The size of an EAG reflects the initial concentration step
of the stimulus. Longer stimulation does not increase the EAG. After flushing the antenna
with clean air for some time, complete recovery of the olfactory cells may occur.
High doses of strong acids induce electrochemical artifacts that interfere with
physiological responses, making the interpretation of the EAG to these stimuli unreliable.
Components of the odour of attractive natural substances
Chicken manure, pork meat and moistened bread were shown to be very attractive natural
substances for houseflies (Smallegange et al., 1999). We identified some chemicals from
these substances by gas chromatography-mass spectrometry, combined with EAG
measurements (Chapter 7). Furthermore, we made EAG dose-response curves for these
chemicals and for other chemicals present in manure, meat and bread. Based on the
sensitivity to these chemicals, expressed by the threshold dose, we identified the
chemicals that may contribute most to the attractive odour of the natural substances for
the housefly. The main components of the odour of manure are 2-methylpropanol,
dimethyldisulfide, 3-methylbutanoic acid, 3-methylphenol and skatole; meat-odour may
be formed by 3-methylbutanal, dimethyldisulfide, 3-(methylthio)-propanal, 3-
methylbutanoic acid, benzaldehyde, 1-octen-3-ol and skatole; and in odour of bread 2-
methylpropanol, 3-methylbutanal, 1,1-diethoxyethane, dimethyldisulfide and
benzaldehyde may be the most important odours.
Electrophysiology and detection of attractants and repellents
For detecting which odours may be biologically important for the housefly,
electrophysiology is very suitable. Most cells are generalist cells, only a few specialistSummary and general discussion
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cells were found. No cells were found that responded exclusively to an odour that was not
detected by other cells. Therefore, the chance of missing cells that respond to an important
odour is small.
With our optical setup it was impossible to observe from which sensillum type
electrophysiological responses were measured. Therefore, we cannot assign cells from
certain clusters to certain sensillum types. We assume that with the surface contact
technique, we measure electrophysiological responses from cells from all the different
sensilla in a similar ratio as their presence on the antennae. On the palps, all olfactory
cells are located in basiconic sensilla, as no other olfactory sensilla are present.
As EAGs represent the summated receptor potentials the olfactory cells near the
electrode, cells from all sensillum types participate. There is no regionalization of cells
with specific response profiles, so EAGs measured at different spots on the antennae of
houseflies all give similar results. EAGs may have a lower sensitivity than single cell
measurements, but they have a broader response spectrum and, therefore, also are useful
in testing odours.
Electrophysiology provides a method for quick screening of odours. We can
assume that substances that do not evoke any electrophysiological response are not
detected by the housefly and may be disregarded. High electrophysiological responses
prove that an odour is detected by the housefly. Components from attractive substances
are likely to contribute to the attractiveness of the substance. However, electrophysiology
does not give information on the biological function of an odour, being attractive,
repellent or indifferent. Therefore, after making a preselection with electrophysiology,
behavioural essays should be performed.
The odours that evoke the highest responses all seem to be of biological
importance: 1-octen-3-ol is attractive to many Diptera, amyl acetate and 3-methylphenol
are attractants for houseflies and R-limonene is a repellent. The chance that an odour
evokes high responses but is indifferent to the fly is low. No behavioural studies were
done with 2-pentanone (which evokes high responses), but this compound is present in
food, and it may contribute to the attractive odour of food. Some false positive results are
found when testing acids: high doses of strong acids evoke large positive EAG-like
potentials, but these are artificial electrochemical effects. At lower doses these
electrochemical potentials are small enough to be able to interpret the physiological
responses.
For some chemicals that are known to be attractive, the electrophysiological
responses are rather low. Single cell reponses to, for instance, muscalure, skatole and
acetic acid suggest only a moderate biological function, but they were shown to be strong
attractants in literature (Carlson and Beroza, 1973; Frishman and Matthysse, 1966). SmallChapter 8
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responses to these odours could be expected in our experiments. The volatility of
muscalure is very low and therefore, only a low concentration in air could be tested.
Skatole is difficult to dissolve and only low doses of this substance could be made.
Therefore, the concentrations tested of skatole in air also are low (see Chapter 4, Fig. 2B).
Still, in nature the concentrations to these odours will not be higher. For selecting
behaviourally important odours, it may be best to compare electrophysiological responses
to all stimuli with similar low concentrations in air. For acetic acid, there is another
problem. As shown in Chapter 6, acid stimuli generate electrochemical artifacts that
interfere with the physiological responses. These artifacts are larger at more acidic stimuli.
At high doses of acetic acid, the physiological response may be completely overruled by
the artifact, at low doses the artifact is small and a physiological response can be seen.
Still, however, a small artifact interferes with the response, that consequently is reduced
in size. Therefore, substances evoking small electrophysiological responses should not
consequently be considered to have only small behavioural effects.
High doses of test stimuli are useful to quickly determine if an odour is detected
by the animal, using electrophysiological techniques. To elicit behavioural responses, the
concentration of an odour may have to be chosen in a range that causes low or moderate
spike responses as was shown for Triatoma infestans (Guerenstein and Guerin, 2001).
Attractive substances may even become repellent when the concentration is too high
(Frishman and Matthysse, 1966).
Composition of synthetic attractive mixtures
Based on the results from Chapter 7 we may compose synthetic mixtures, mimicking
manure, meat and bread. Considering that acetic acid is described to have high
attractiveness to houseflies, we might add this compound to the manure mix. Several
chemicals with low threshold doses are present in more than one of the natural substances,
e.g. 2-methylpropanol, 3-methylbutanal, dimethyldisulfide, 3-methylbutanoic acid,
benzaldehyde and skatole. Apart from the three mixtures described in Chapter 7, a mix
of these chemicals presumably is also attractive to houseflies and should be tested in
behavioural assays.
Applicability of baits
There are few differences in sensitivity to odours between males and females. Therefore,
we may assume that an attractive odour mix may lure both the males and females from
a housefly population. Moreover, the olfactory system of newly emerged houseflies is
already functional and also these young flies may be lured to an attractive food-mimick.
By catching flies before they mate and multiply, housefly control can become moreSummary and general discussion
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effective.
Small flies have less sensilla than normal (large) flies. We did not find a lower
sensitivity of single olfactory cells of small flies. But because of a smaller sensitive
surface, small flies could have a lower overall sensitivity of the olfactory system than
large flies. However, if all types of olfactory cells are present on the antennae and palps,
and these all project to their glomeruli in the antennal lobe, similar olfactory information
(detected by less sensilla) could reach the fly brain as in large flies. As small flies have
the same food preferences as large flies an attractive odour mix will lure both large and
small flies.
We have shown that the presence of a background odour (for instance the smell of
manure in a stable) has little effect on the sensitivity of the olfactory system. It even may
enhance the sensitivity to low concentrations of new odour puffs, while the sensitivity to
high concentrations of odour puffs, still evoking large responses, may be diminished.
We conclude that the application of the proposed attractants will be effective to
enhance the control of the whole population of houseflies, young and mature, males and
females, small and large in clean as well as in smelly environments.
Integrated control
For effective control of housefly pests in livestock habitats, integration of the different
control methods is necessary (Axtell and Arends, 1990). Firstly the environment should
be kept hygienic. Manure should be kept dry, and during cleanout a base of old manure
should be left to conserve fly parasites and predators. Pest management should be based
on the use of baits and traps and on biological control. Application of pesticides should
be limited to the most heavily infested areas only, to prevent extinction of natural
enemies. The pesticides used should be varied to prevent the development of resistance.
Good monitoring is necessary to evaluate the fly management and to time new
interventions. Development of new insecticides, biological control methods and attractive
visual and olfactory cues can improve future pest management.
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Samenvatting
De huisvlieg, Musca domestica L., is een insect dat overal ter wereld voorkomt, waar
mensen en vee zich gevestigd hebben. Op warme plaatsen blijven huisvliegen steeds
actief en planten zich gedurende het hele jaar voort. Volwassen huisvliegen voeden
zich met vloeibaar voedsel dat ze met hun zuigsnuit opzuigen. Vast voedsel wordt
eerst opgelost door speeksel uit te scheiden, waarna dit weer opgezogen wordt.
Huisvliegen en hun larven (maden) leven van zeer uiteenlopende soorten voedsel,
variërend van mest en rottend materiaal tot veevoer en etenswaar van mensen. Doordat
huisvliegen al deze voedselbronnen bezoeken, kunnen ze virussen, bacteriën en andere
ziekteverwekkende organismen overbrengen. Verder kunnen huisvliegen door hun
aanwezigheid in grote getale zoveel last veroorzaken dat de productiviteit van vee en
pluimvee vermindert, waardoor ze een ernstig probleem vormen op zowel
boerenbedrijven als in de voedselverwerkende industrie. Voor de bestrijding van
huisvliegen zijn er diverse methoden ontwikkeld, o.a. het gebruik van vliegenvallen,
maar een goed werkende methode om huisvliegenpopulaties tot aanvaardbare
proporties terug te brengen is er nog niet. Een verbetering van vallen en lokaas met
behulp van aantrekkelijke geuren lijkt echter goed mogelijk. De meest aantrekkelijke
stoffen voor huisvliegen zijn ontbindende en gistende natuurlijke substanties. Deze
zijn echter niet praktisch voor gebruik in vallen omdat de substanties snel uitdrogen en
aan vervanging toe zijn en de vallen veelvuldig schoongemaakt en onderhouden
moeten worden. Synthetische mengsels die aantrekkelijk zijn voor huisvliegen zijn
veel beter toepasbaar.
Het onderzoek in dit proefschrift is gericht op het verbeteren van de effectiviteit
van vallen met behulp van aantrekkelijke geuren. Hiervoor is kennis nodig over hoe
huisvliegen geuren waarnemen en onderscheiden en hoe de gevoeligheid voor geuren
afhangt van verschillende fysiologische omstandigheden. Daarnaast is het nodig te
weten welke componenten de geur van aantrekkelijke substanties bepalen.
Insecten hebben speciale structuren, namelijk reukharen, waarmee geuren
worden waargenomen. Deze structuren kunnen verschillende vormen en matenSamenvatting
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hebben. Reukharen zijn hol met poriën in de wand en met zenuwuitlopers (dendrieten)
van een of meer reukcellen in het lumen. Geurmoleculen uit de lucht diffunderen door
de poriën naar de dendrieten. Als geurmoleculen aan receptoren in de membraan van
de dendrieten binden, dan depolariseert de reukcel en neemt de productie van
actiepotentialen toe, of hyperpolariseert de reukcel en neemt de productie van
actiepotentialen af. De actiepotentialen worden via de axonen van de reukcellen naar
het brein geleid. Met elektrofysiologische technieken kunnen we deze elektrische
potentialen registreren: door een elektrode met een zeer kleine punt tegen de basis van
een reukhaar te plaatsen kunnen we de actiepotentialen van de reukcellen meten en de
reactie van een reukcel op een geurstimulus bepalen. Voor de interpretatie van deze
reacties is het noodzakelijk om de specifieke morfologie van de reukorganen van de
huisvlieg te kennen.
In hoofdstuk 2 beschrijven we de morfologie van de reukorganen van de huisvlieg,
namelijk de (twee) antennen en de (twee) maxillaire palpen. De morfologie van deze
reukorganen is onderzocht met behulp van scanning- en transmissie-
elektronenmicroscopie. De antenne bestaat uit een aantal segmenten: de scapus, de
pedicellus en de funiculus met daarop de arista. De funiculus is dicht bedekt met
verschillende soorten haren, waarvan de meeste zintuigharen zijn, wat aan hun
morfologie te zien is. Naast niet-geïnnerveerde haren (microtrichia) komen er
verschillende typen reukharen voor: sensilla trichodea, sensilla basiconica, gegroefde
sensilla en sensilla clavicula. Verder zijn er drie diepe holtes in de funiculus; twee
daarvan bevatten gegroefde sensilla en zintuigharen zonder poriën in hun wand, de
derde holte bevat vele sensilla clavicula.
Sensilla trichodea zijn 12-20 µm lange, dikwandige reukharen. Met een aantal
van 1500-2000 zijn het de meest voorkomende reukharen op een antenne. Ze zijn over
het hele oppervlak van de funiculus verspreid met uitzondering van het proximale 1/4
deel van de ventrale zijde. Sensilla basiconica zijn 4-11 µm lange reukharen met een
dunne wand. Hun aantal is ongeveer 550-700 en ze zijn verspreid over het hele
oppervlak van de funiculus. Daarnaast zijn er ongeveer 90-110 kleine (lengte 1.5-4
µm) gegroefde sensilla en een paar 9-11 µm lange sensilla clavicula op het oppervlak
van de funiculus aanwezig. Op de palpen zijn lange borstelharen en microtrichia over
het hele oppervlak gelijkmatig verspreid en van de 75-90 sensilla basiconica die
aanwezig zijn, neemt de dichtheid toe richting het uiteinde van de palp.
Er zijn geen verschillen in aantal en verspreiding van reukharen tussen
mannetjes en vrouwtjes. Wel blijken kleine huisvliegen met kleine antennen en palpen
minder reukharen te hebben dan grote huisvliegen die gekweekt worden uit dezelfde
stam. De reukharen van kleine en grote huisvliegen zijn wel ongeveer even groot.Samenvatting
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Aan de hand van deze resultaten, waaruit blijkt dat de verschillende typen
reukharen dicht opeen tussen elkaar staan op de funiculus, weten we dat bij
elektrofysiologische metingen aan het oppervlak van de antenne de reacties van
reukcellen van verschillende typen reukharen geregistreerd worden. Voor
elektrofysiologische metingen aan reukharen hebben we metingen verricht op alle
zijden van de funiculus en op de distale helft van de palpen van grote mannetjes- en
vrouwtjeshuisvliegen.
In hoofdstuk 3 hebben we de elektrofysiologische reacties van reukcellen in de
antennen en palpen op een serie geuren van verschillende chemische klassen
beschreven. Er is een grote variatie in reactieprofielen op de reeks geurstoffen van de
reukcellen in de antennen. De meeste reukcellen reageren op verscheidene geuren; er
zijn slechts enkele gespecialiseerde reukcellen. De grootste reacties werden gemeten
bij prikkeling met 1-octen-3-ol, amyl  acetaat, 2-pentanon, 3-methylfenol en R-
limoneen. Met behulp van clusteranalyse werden tien clusters van reukcellen met op
elkaar lijkende reactieprofielen in een multidimensionale geurruimte gevonden
(waarbij iedere geur een dimensie representeert). Reukcellen met op elkaar lijkende
reactieprofielen zijn verspreid over het hele oppervlak van de funiculus; de
gevoeligheid voor bepaalde geuren is niet opgedeeld in regionale zones op de antenne.
In de palpen zijn de clusters van reukcellen die vooral op 3-methylfenol of op
2-pentanon reageren duidelijk gescheiden van reukcellen die op andere stoffen
reageren. In één reukhaar kunnen zowel reukcellen zitten met op elkaar lijkende als
met verschillende reactieprofielen.
Omdat er weinig specialistische reukcellen zijn en de meeste cellen op
verscheidene geuren reageren, hebben we ons onderzoek vervolgd met die geuren
welke duidelijke reacties in vele cellen veroorzaakten.
Voor een effectieve bestrijding van populaties huisvliegen moeten alle individuen,
zowel jonge als volwassen vliegen en zowel mannetjes als vrouwtjes, op de
aantrekkelijke stimuli die in vallen gebruikt kunnen worden reageren. Daarom hebben
we de gevoeligheid onderzocht voor geuren bij deze groepen vliegen door de reacties
van hun reukcellen op concentratiereeksen van enkele stoffen te meten (hoofdstuk 4).
Er zijn weinig verschillen in geurgevoeligheid tussen jonge en volwassen vliegen en
tussen mannetjes en vrouwtjes. De verschillen tussen de gevoeligheden van de
antennen en palpen zijn echter wel groot. Deze resultaten tonen aan dat huisvliegen
van alle leeftijden en van beide geslachten aantrekkelijke geuren kunnen detecteren en
aangetrokken zouden kunnen worden door vallen met lokstoffen.Samenvatting
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Tot nu toe werden geuren alleen getest als zuivere stof in schone lucht. In de
natuurlijke omgeving zitten er echter altijd achtergrondgeuren in de lucht. Om effectief
te zijn moeten aantrekkelijke en afstotende geuren door de vliegen waargenomen en
onderscheiden kunnen worden van deze achtergrondgeuren. Daarom hebben we in
hoofdstuk 5 de reacties op geuren in de aanwezigheid van achtergrondgeuren getest.
De aanwezigheid van een achtergrondgeur (1-octen-3-ol of kippenmest) had slechts
een geringe invloed op de gevoeligheid voor testgeuren (1-octen-3-ol, 2-pentanon en
R-limoneen). Alleen het gebruik van hoge concentraties 1-octen-3-ol als
achtergrondgeur veroorzaakte een lichte adaptatie en sensibilisatie: de reacties op hoge
concentraties testgeur waren wat lager en de reacties op lage concentraties testgeur
waren juist wat hoger vergeleken met de reacties gemeten in schone lucht. De geur van
kippenmest of lage concentraties 1-octen-3-ol als achtergrondgeur had geen invloed op
de gevoeligheid voor de testgeuren. Een effectief gebruik van lokstoffen of afstotende
stoffen in ruimten waar een sterke geur hangt (bijvoorbeeld in stallen) lijkt dus goed
mogelijk.
De meeste reukcellen reageren op een beperkt aantal stoffen uit een breed spectrum
van geuren. Wanneer de reacties van verscheidene cellen met verschillende
reactieprofielen tegelijkertijd gemeten worden, dan zal de spectrale gevoeligheid van
de meting groter worden. Met dergelijke metingen kunnen geuren die van belang zijn
voor de vlieg sneller onderscheiden worden. Voor het verdere onderzoek hebben we
daarom de techniek van elektroantennografie (EAG) gebruikt. In hoofdstuk 6 tonen we
aan dat de EAG’s die gemeten worden aan het oppervlak van de bolvormige antennen
van huisvliegen een optelling zijn van de receptorpotentialen van de reukcellen die
rond de elektrode liggen. De grootte van een EAG hangt af van de toename van de
concentratie van geurmoleculen in het begin van de stimulus. Bij langere stimulatie
wordt het EAG niet groter. Compleet herstel van de reukcellen is mogelijk na enige
tijd ventileren met schone lucht.
Bij prikkelen met hoge concentraties van sterke zuren ontstaan er
elektrochemische potentialen over de elektroden. Deze artefacten interfereren met de
fysiologische reacties van de reukcellen, waardoor de interpretatie van EAG’s op deze
stimuli wordt bemoeilijkt.
In eerdere studies is aangetoond dat huisvliegen sterk worden aangetrokken door de
geur van oud varkensvlees, brood en vooral kippenmest. Met behulp van
gaschromatografie en massaspectrometrie, gecombineerd met EAG metingen, hebben
we enkele scheikundige verbindingen uit deze substanties kunnen identificeren
(hoofdstuk 7). Aan de hand van de gevoeligheid voor deze stoffen hebben weSamenvatting
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vervolgens bepaald welke stoffen waarschijnlijk het meest bijdragen aan de voor
huisvliegen aantrekkelijke geur. De belangrijkste stoffen in de geur van vlees zijn
3-methylbutanal, dimethyldisulfide, 3-(methylthio)-propanal, 3-methylboterzuur,
benzaldehyde, 1-octen-3-ol en skatol. De geur van brood wordt vooral bepaald door
2-methylpropanol, 3-methylbutanal, 1,1-diethoxyethaan, dimethyldisulfide en
benzaldehyde. En in de geur van kippenmest zijn 2-methylpropanol, dimethyldisulfide,
3-methylboterzuur, 3-methylfenol en skatol de belangrijkste componenten. Azijnzuur,
dat in de wetenschappelijke literatuur vaak als een aantrekkelijke stof voor huisvliegen
wordt beschreven, is in grote mate aanwezig is in de geur van mest. Daarom zou deze
stof toegevoegd kunnen worden aan een synthetisch mengsel dat de geur van
kippenmest imiteert om huisvliegen te lokken. Enkele stoffen waar huisvliegen erg
gevoelig voor zijn komen voor in de geur van verschillende aantrekkelijke substanties:
2-methylpropanol, 3-methylbutanal, dimethyldisulfide, 3-methylboterzuur,
benzaldehyde en skatol. Een mengsel van deze stoffen zou ook aantrekkelijk voor
huisvliegen kunnen zijn. Gedragsproeven moeten aantonen of de synthetische
mengsels inderdaad bruikbaar zijn als lokstof voor huisvliegen.
We concluderen dat het gebruik van de voorgestelde aantrekkelijke mengsels in vallen
effectief kan zijn voor het verbeteren van de bestrijding van een hele populatie van
huisvliegen: zowel jonge als volwassen vliegen, mannetjes als vrouwtjes, kleine als
grote vliegen en in zowel schone ruimten als in ruimten waar al een sterke geur hangt.137
Epiloog
Daar is ‘ie dan, uit het ei waar ik zo lang op heb zitten broeden: het proefschrift over
geurwaarneming door huisvliegen. Ik heb er veel en lang aan gewerkt en heb van alles
meegemaakt wat tijdens een promotieonderzoek mee te maken valt. Langdurige
technische problemen en oplossingen daarvoor, dipjes in motivatie en enthousiasme
wanneer het weer lekker liep, late avonden experimenteren op het lab en dagen thuis
aan het schrijven. De beste momenten waren wanneer ik door het binoculair naar een
vlieg kijkend een elektrode plaatste en de spikes van de reukcellen uit de luidsprekers
hoorde knetteren. Vooral als die dan na geruime tijd nog steeds aanwezig waren, zodat
ik mijn proef goed kon afmaken. Of de congressen in Nederland en in het buitenland,
waar ik verhalen mocht houden en waar ik na afloop met collega-onderzoekers onze
(bescheiden) successen kon vieren. Of wanneer ik na lang ploeteren met data en met
formuleringen en veel wijzigingen in formuleringen tenslotte toch tevreden over een
mooi hoofdstuk kon zijn. Er waren dus naast de misère, die schijnbaar bij promotie-
onderzoeken hoort, ook veel leuke momenten.
Promoveren is echter geen solo-trip. Zoiets doe je met de hulp van vele
anderen. En die wil ik daarom hier bedanken voor hun bijdrage aan de totstandkoming
van mijn proefschrift.
Allereerst natuurlijk wil ik Kees den Otter bedanken. Hij heeft als projectleider
mij naar Groningen gehaald om dit promotieonderzoek te doen. Hij heeft mij met
enthousiasme en jovialiteit en soms met een streng woord begeleid in mijn onderzoek.
Ook heeft hij alle manuscripten uiterst minutieus nagekeken en van commentaar
voorzien. Hoewel ik het niet overal mee eens was, heeft zijn bijdrage zeker tot
verbetering geleid. Ook Guusje, zijn vrouw, wil ik bedanken voor haar hartelijkheid en
de gezellige maaltijden waarvan onze insectengroep in huize den Otter mocht
genieten.
Onze insectengroep bestond uit een aantal promovendi, bij wie ik me altijd
thuis heb gevoeld. Met Wynand van der Goes van Naters kon ik uitgebreid
theoretiseren over allerlei uiteenlopende onderwerpen, waarbij ons groene schoolbord
uitbundig van tekeningen en formules werd voorzien. Hij heeft mij in het begin ook
veel praktische zaken voor mijn onderzoek geleerd. Karen Voskamp droeg duidelijk
bij aan de gezellige sfeer in onze groep door alle verhalen die ze over ons uitstortte.
Velen hiervan waren informatief of gewoon leuk. Ingrid van den Broek stond altijd
klaar om iets voor je te regelen. Ze was een leuke collega, die precies wist wat ze
wilde en dat ook telkens voor elkaar kreeg. Tenslotte mijn twee projectgenoten, Renate
Smallegange, die gedragsproeven met aantrekkelijke lichtbronnen deed, en Nico
Noorman, die zijn aandacht richtte op stoffen in de waslaag van vliegen. We kunnen
het altijd geweldig met elkaar vinden. We deelden frustraties en successen en wisten
van elkaar waar we het over hadden. Ik ben heel blij dat jullie beiden ook bereid waren
om mijn paranimfen te zijn.Epiloog
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Giovanni Biancaniello and Francesca Ialenti, two italien students that came to
Groningen to learn insect physiology, helped me in collecting data for chapters 3, 4
and 5. They are very bright and driven students, and considering their attitude, I think
they will come far in science. Ook Kees de Weerdt, een gepensioneerd neuroloog van
het ziekenhuis in Emmen, heeft een tijd op ons lab als vrijwillig onderzoeker aan
huisvliegen gemeten en de data op de computer uitgewerkt. Ik denk dat ik de enige
promovendus was met zo een “stagiair”.
Van de groep Electronenmicroscopie wil ik vooral Klaas Sjollema bedanken,
die mij het transmissie-EM werk leerde en Jan Zagers, met wie ik vele middagen
achter de scanning-EM foto’s aan het maken was, terwijl we veel over fotografie en
muziek praatten. Aan hun koffietafel voelde ik mij ook welkom.
Rein Bos van de groep Biologische Farmacologie heeft mij in de wereld van de
gaschromatografie en massaspectrometrie wegwijs gemaakt. Hij was altijd bereid om
een paar runs te doen en op tape en later zipdiskette te zetten.
In de laatste fasen van het schrijven heeft mijn eerste promotor, prof. Doekele
Stavenga, de afronding van het proefschrift aanzienlijk vaart gegeven door zijn snelle
maar kritische beoordeling van de manuscripten en zijn stimulerende houding. Prof.
Jaap Koolhaas, die na het overlijden van prof. Béla Bohus bereid was het
promotorschap over te nemen, heeft veel bijgedragen aan het tot stand komen van de
algemene discussie van dit proefschrift.
Dick Visser heeft mijn EM-foto’s en ontwerp voor de kaft bewerkt en in een
voor de drukker hanteerbaar formaat omgezet.
Jan van der Pers van Syntech, die veel van de apparatuur ontwierp en uitleende,
was altijd beschikbaar voor hulp en adviezen. Ook de gesprekken over muziek en het
gezellig drinken tijdens congressen staan mij goed bij. Ieder halfjaar was er een
“gebruikerscommissievergadering”, waarin wij de stand van onderzoeksresultaten aan
de deelnemende industrieën (Syntech, Denka International, Philips en Berson
Milieutechniek) en NWO-STW presenteerden. Hierin heb ik veel aan de discussies
met dr Janusz Moskal en de heer den Braber van Denka gehad. Ook Henk Mastebroek
van de vakgroep Biofysica heeft veel aan de interpretatie van resultaten bijgedragen.
De rondleidingen door de fabrieken maakten dergelijke vergaderingen ook altijd tot
een leuk uitstapje.
De medewerkers van de vakgroep Dierfysiologie waren niet altijd even blij
wanneer ik oplossingen van voor vliegen aantrekkelijke, maar voor mensen wat
minder prettige geuren prepareerde. De afzuiging van de zuurkast bleek toch niet
helemaal ideaal te functioneren. Gelukkig is de rampenbestrijding op dergelijke
momenten nooit uitgerukt. Gezelligheid was er vooral tijdens de koffie en op
vakgroepetentjes. Joke Poelstra, onze secretaresse, maar stiekem de manager van de
vakgroep, wil ik bedanken voor het afhandelen van allerlei administratieve zaken en
het welwillend leveren van kopieerkaarten, diskettes etc. Sterk teamwork binnen
Dierfysiologie bleek vooral door ons volleybalteam, waarin de training van Auke
Meinema ons tot kampioen van het Biologisch Centrum maakte en we zelfs tot de
kwartfinales van het SPR-universiteitstournooi doordrongen (wat niemand had
verwacht). Ook van de gezamenlijke schaatstochten heb ik genoten.Epiloog
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Naast het werk zijn er ook andere zaken, die ervoor zorgen dat je weer energie
krijgt om het werk beter te doen. Veel plezier beleef ik aan mijn hobby muziek maken.
Vooral Muziekvereniging Harmonie’67, waar ik trombone speel en waar ik voorzitter
van ben, ligt me na aan het hart. Maar ook de avonden met het symfonieorkest “de
Harmonie” en het strijkkwartet “de Cypres”, waar ik als (alt)violist aan verbonden ben,
brengen muziek in mijn leven.
Vrienden zijn onontbeerlijk om je hart bij te luchten, en dat kon ik vooral goed
bij Peter van Breugel, die ik uit Wageningen kende en die tegelijk met mij naar
Groningen kwam. Bedankt voor de vele gezellige avonden en het mogen beklimmen
van je 60 m hoge meetmast.
Tenslotte wil ik mijn ouders, zussen en schoonfamilie bedanken voor hun
stimulerende belangstelling voor al mijn bezigheden. En lieve Adriana, jij stond
dagelijks voor me klaar en hebt mijn leven veel zonniger gemaakt. Met Louise en ons
andere kindje, dat we over enkele maanden verwachten, hoop ik nog een lang leven
vol blijdschap te mogen genieten.140141
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